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Foreword. 


Mathematical induction is a method of proof that has been known to 
mathematicians for hundreds of years, with one of the earliest proofs using 
Induction dating back to Francesco Maurolico (1575), when he showed that the 
sum of first n odd positive integers is n?. Nevertheless, it was only formalized 
as an axiom of the nonnegative integers in the 19-th century due to the work 
of Peano and other mathematicians on Set Theory. Nowadays, it has become 
one of the basic tools that any mathematician is familiar with. Induction 
is an important technique used in competitions and its applications permeate 
almost every area of mathematics. Duê to its elegance and popularity, we have 
decided to write this book whose main: goal is to offer a detailed exposition of 
the method, its subtleties and beautiful applications. The book is designed as 
follows: £ 


First chapter, entitled A brief overview of Induction offers an introduction 
to the subject. We begin by describing Induction in the context of Set Theory, 
as one of Peano’s axioms and present a few examples of how different properties 
of the nonnegative integers can be derived from it. We then look at some 
classical examples which are solved using Induction and illustrate in detail the 
approach one should follow when writing their proof. After discussing some 
variants of Induction, we move on to presenting one of the most intriguing 
aspects of the method, called the Paradox of Induction. There we look at 
various examples, fully motivating all the steps that lie behind their elegant 
proofs, where we strengthen the original statement to make the solution easier. 
The chapter ends with a section dedicated to Transfinite Induction. 
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Second chapter, Sums, products, and identities is mainly aimed at those 
who want to familiarize themselves with the basics of applying Induction. 
The nature of the questions presented is similar to the ones that originally 
motivated the use of Induction as an algebraic tool. The chapter also illustrates 
the power of the method, showing how easy it is to use Induction to prove 
identities, rather than using other techniques. 


From the third chapter onwards, we follow a problem solving based ap- 
proach by discussing Induction in various areas of mathematics. Each chapter 
is divided into two sections: Theory with examples and Proposed problems. 
The book is designed so that it is as self-contained as possible. Therefore, each 
chapter starts by introducing the reader to all the notions that are required 
for understanding the examples and tackling the proposed problems. Various 
beautiful examples are then discussed in full detail, explaining the main themes 
that occur in each specific field (see for example Chapters 6 and 7 on Number 
theory and Combinatorics). With the-aim of being as comprehensive as pos- 
sible, we explore a total of 10 different-areas of mathematics, including topics 
that are not usually discussed in an Olympiad-oriented book on Induction 
(such as Chapter 3 on Functions and functional equations). The second part 
of each chapter consists of a carefully chosen list of proposed problems. These 
add up to more than 200 elegant questions from over 20 worldwide renowned 
Olympiads and mathematical magazines, as well as original problems designed 
by the authors of this book and their collaborators. Fully detailed solutions 
are provided for each problem at the end of the book. 


We truly believe that the book can serve as a very good resource and 
teaching material for anyone who wants to explore the beauty of Induction 
and its applications, from novice mathematicians to Olympiad-driven students 
and professors teaching undergraduate courses. We hope that at the end of 
the journey, every reader will agree with our belief formulated in the title of 
the book, and find that Induction is indeed a powerful and elegant method of 
proof. 


Titu Andreescu Vlad Crişan 
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Chapter 1 


A Brief Overview of Induction 


1.1 Theory and Examples 


1.1.1 Introductory Notions 


@ math_books 


What is induction? Is it an axiom@or a theorem? What kind of questions 
does it address? What is the largest context where it holds and can be applied? 
These are some of the questions that ¥ we will address throughout this chapter 
and in general, throughout this book. 


Let us begin with the following informal discussion. Assume that a certain 
country decides at some point to become a kingdom and they choose their first 
royal family, call it generation 0. For each generation, the first offspring of 
the current royal family will be the successor to the throne. Unfortunately, all 
members of generation 0 suffer from a degenerative disease which is certain to 
be passed to the next generation. How can we prove that all the royal families 
that will rule that country will suffer from the same degenerative disease? 


This seems like an intuitively clear result. Let us denote by P(n) the 
proposition that the n-th generation suffers from the degenerative disease. 
We know that P(0) is true and also that if P(n) is true, then so is P(n + 1). 
We want to prove that P(n) holds for any non-negative integer n. In fact, this 
is what the Principle of Induction says in general: 
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Principle of Induction. If P(n) is a proposition that depends on a non- 
negative integer n such that P(0) is true and P(n) holds implies that P(n+1) 
holds, then P(n) is true for all non-negative integers n. 


From now on, N denotes the set of natural numbers, i.e. non-negative 
integers. Here is one way we could try to prove the Principle of Induction: 


Assume by contradiction that there is a non-negative integer for which 
the proposition P is false. Let us denote by A the non-empty set of all non- 
negative integers for which the proposition does not hold and let a be the 
smallest element of A, i.e. P(a) is false and P(0), P(1), ..., P(a — 1) are all 
true. This implies in particular that a > 0 and P(a—1) is true; but then P(a) 
is true, which gives the desired contradiction. The conclusion follows. 


However, the above argument has a gap. The reason is the following: in 
the proof we constructed a non-empty subset A of N. Then we picked a to 
be the smallest element of A. But how do we know that such an a exists? 
Given that there may be very complicated and hard-to-understand subsets of 
N, how do we know that any non-empty subset of N has a least element? This 
might seem like a silly question given the facts that we know about the natural 
numbers. But the convention in mathematics is that we should take only the 
simplest of these “facts”as our axioms. We should use this small set of axioms 
for constructing N. Anything more complicated should be theorems, i.e. facts 
that can be deduced from our axioms. 


The Principle of Induction is usually regarded as the simplest way to say 
something about all natural numbers. Thus it has been chosen as an axiom 
itself and it cannot be proved from other axioms. The fact that any non-empty 
subset of the natural numbers has a least element is seen as a little more 
complicated. We will prove that it follows from the Principle of Induction and 
we will think about the implication in this order and not the other way round. 
The Italian mathematician Giuseppe Peano was the first one to postulate 
rigorously a set of axioms on the natural numbers N. We present them at the 
end of this section as an appendix, together with the proof that the Principle 
of Induction implies that every non-empty subset of the natural numbers has 
a least element. 


Let us now look at a typical example which uses the Principle of Induction: 
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Show that for all positive integers n, the following identity holds: 


14+2+...¢n= a, 
Proof. Let P(n) be the statement 
P(n):14+2+...¢n= = 


We are required to prove that P(n) is true for all positive integers n. We 
start by proving that P(1) holds. This is the base case, i.e. the smallest value 
for which we have to show that our property holds. 


P(1) simply says that 1 = oe which is clear. 
We now prove that assuming P(n) is true for some n > 1, we obtain that 
P(n +1) is true. This is called the induction step and the assumption that 


P(n) is true is called the induction hypothesis. 
From our induction hypothesis we ecknow that 


z 1 
1+2+. ye nln 
2 2 
1 2 
So to prove 1+2+...¢ntnti= EDU?) it suffices to show that 
n(n+1 n+1)(n+2 
aa A E a 


which follows easily after bringing the left hand side to a common denominator. 
This shows that P(n) => P(n + 1), completing our proof. 


Remark. Notice that the Principle of Induction as originally stated above 
uses the base case n = 0, while we started from n = 1 in the above proof. 
Nevertheless, it follows from the Principle of Induction that if P(no) holds for 
some no € N and P(n) > P(n+1), then P(n) holds for any n > no (hint: let 
Q(n) = P(n +no)). This observation regarding the base case will apply to all 
the variants we are going to present later. 

The solution we have given to the above example illustrates the outline 
that a proof by induction should have. The crucial aspect one has to keep in 
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mind is to always check both the base case(s) and the induction step. To see 
how important this is, consider the following two examples, both of which are 
false: 

a) For any non-negative integer n, n? +n + 41 is prime. 

b) For any non-negative integer n, 3n + 1 is divisible by 3. 

For statement a), one can show that the base cases are true, as in fact 
n2 +n + 41 is prime for all n € {0,1,...,39}. However, we cannot prove that 
P(n) > P(n+1). 

In the example b), assuming P(n) was true i.e. 3 | (3n + 1) then 


3(n +1) +1=(38n +1) +3, 


so P(n + 1) is also true. But in this situation, we cannot prove that the base 
case holds, as in fact P(0) is false. 


books 


Appendix: Peano’s axioms for Ns 


Before we state the axioms introduéed by Giuseppe Peano, we need to recall 
the following definitions: a function=f between two sets A and B (written 
f : A > B) is a correspondence which associates to each element a € A 
precisely one element f(a) € B; the image of f, denoted Im/(f), is the set 
Im(f) = {f(a) : a € A} (note that Im(f) C B and this inclusion can be 
strict, depending on the function f); a function is called injective if no two 
distinct elements of A are sent to the same element of B. For more details 
and examples, the reader can refer to Section 3.1 of this book. 

The axioms introduced by Peano are the following: 


1. There exists a special element 0 € N; 


2. There exists an injective function (called the successor function) S : N > 
N such that 0 does not lie in the image of S; 


3. If K CN is a set such that 0 € K and for every natural number n € K 
implies S(n) € K, then K = N (Axiom of Induction). 


At first glance, the Axiom of Induction as stated here does not look quite 
the same as the version we stated informally earlier. Before, we referred to a 
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family of propositions P(n). Now we have just a set K. However, they are 
easily seen to be equivalent if we interpret K as being the set of all n such 
that P(n) is true. 

Peano originally included several other axioms which are now commonly 
regarded as first-order logic axioms and in modern treatments are not included 
as axioms of the natural numbers. It is remarkable how complex a system can 
become even when it is founded only on a handful of axioms! The universe 
we live in seems to be governed by just four laws, namely the gravitational 
force, the electromagnetic force, the strong and the weak nuclear forces. And 
just look what is out there! Look at the complexity, the intricacy, the splen- 
dour! Also, the above three laws for the set of natural numbers which were 
postulated by Peano govern the whole universe of Number Theory and ex- 
plain anything from operations such as addition and multiplication to modern 
results regarding bounded gaps between primes and arbitrary long arithmetic 
progressions of primes! = 

To get a small flavour of these, let us see how one can define the usual 
addition on N from Peano’s axioms and how we can prove some standard 
properties of it. We define a function + : N x N > N inductively by 

a) For all a € N, we define a + 0 =a; 

b) Having defined a + b for some b € N, we define a + S(b) = S(a + b). 


Lemma. The operation + defined above is commutative. 
Proof. We will prove the result in three steps. We start by showing that 
n+0=0+n for any n € N. We do this by induction on n. Let P(n) be the 
proposition 
P(n):n+0=0+n. 

By a), we have 0+ 0 = 0, so P(0) holds. 

Assume now that P(n) is true for some n € N and we deduce that P(S(n)) 
is true: 5 

0+ S(n) È S0 +n) "E s(n +0) 2 S(n) 2 s(n) +0. 

Therefore, by the Axiom of Induction, P(n) holds for all n € N. 

We now prove that S(a) +n = S(a + n), for any a,n € N. For a fixed 
a € N, let P(n) be the proposition 


P(n): S(a) +n = Sla +n). 
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When n = 0, we have S(a) +0 = ) (a) 2 ` S(a + 0), so P(0) is true. 
Assume now that P(n) holds for some n € N, and we prove that P(S(n)) 
also holds. We have 


Sla) + S(n) È 8(S(a) +n) E (Sla +n) 2 Sla + S(n)). 


Thus P(S(n)) is true. Hence, by the Axiom of Induction, we have that 
P(n) is true for all n € N. 

As a was arbitrary, the property S(a) +n = S(a + n) holds for any a and 
n in N. 

Finally, we prove that a+ n = n +a for any a,n € N. We do so by 
induction on a, for some fixed n. As before, we let P(a) be the corresponding 
Proposition. 

We have 0 +n = n + 0 from the fitst step, so P(0) holds. 

Assuming P(a), we have from the-second step 


aath 


Sla) +n = Sla +n) ® sna) 2n sla). 


ayes 


This completes the proof of our last step. Since n was arbitrary, we obtain 
that a +n = n + a, for any a,n € N, showing that + is commutative, as we 
wanted. 

From now on, we write S(0) = 1 and S(n) =n+1=1+n. The other 
standard properties of addition are proved in a similar manner. With the aid 
of addition, we can define the usual ordering “<” between two elements of N 
as: a < b if there exists c € N such that a + c = b. The properties of < are 
now deduced from those of addition. 

We have established so far what the Principle of Induction is and that it is 
an axiom. Before we move on to discussing other applications, variations and 
generalizations, we give the promised proof that the Principle of Induction 
implies that every non-empty subset A C N has a least element with respect 
to <: 

Let A C N be a subset that has no minimal element with respect to <. 
We would like to prove that A is empty in this case. We set P(n) to be the 
proposition: 

P(n): kgA, forall O<k<n. 
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Certainly P(0) is true, as otherwise we would have 0 € A and this would 
be the minimal element of A (as there is no non-negative integer smaller than 
0). Let us now show that P(n) true for some n > 0 implies P(n + 1) true as 
well: 

If P(n) is true and P(n + 1) is false, then 0,1,2,...n ¢ A, butn+1€ A, 
and then n+ 1 is the least element of A. This is a contradiction and we 
conclude that P(n + 1) is true. 

By the Principle of Induction, P(n) is true for every n € N and hence A 
is empty. 

The above argument shows that the only subset of N with no least element 
is the empty set. Therefore, every non-empty subset of N has a least element, 
which proves what we wanted. 


1.1.2 Variants of Induction 


1_books 


We have seen above what the axiom of Induction is and how a typical proof 
by induction looks. We have also seen that in some applications we could have 
the base case bigger than 0. The next topic to look at is what happens when 
we modify our induction step. We prove the following: 


Theorem. Let k be some fixed positive integer and P(n) be a mathematical 
statement that satisfies the following properties: 

1. All of P(0), P(1),...,P(k — 1) are true; 

2. P(n) > P(n+k), for any n > 0. 

Then P(n) is true for every n € N. 


Proof. When k = 1, the above statement is the Axiom of Induction, so we 
have nothing to prove. So let k > 2 and assume by contradiction that there 
is some n € N for which P(n) does not hold. Then the set S = {ne N: 
P(n) does not hold} is non-empty and so it has a least element, call it m. 
Let r be the remainder when we divide m by k, so that we have m = q-k+r, 
for some q € N and 0 <r < k— 1. From the given hypotheses we know that 
P(r) holds, thus in particular we cannot have q = 0. This implies q > 1, 
hence 0 < (q— 1)-k+r <m. Because m is the least element of S, we 
have that P((q — 1) - k + r) is true and then using the second hypothesis, 
P((q—1)-k+r+k) = P(m) is true, giving a contradiction. 
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Remark. What is important to note when using this variant is that if we 
prove P(n) = P(n+k), we need to check k base cases instead of just one; for 
example, if k = 2, then checking just P(0), together with P(n) > P(n + 2) 
would only imply that P(n) holds when n is an even positive integer! The 
above variant (and hence also the Axiom of Induction obtained for k = 1) 
bears the name of the Weak Principle of Induction. 


Example 1.1. Prove that any square can be divided in n (not necessarily 
congruent) squares (n > 6). 


Solution. The key observation is that given any square, we can partition 
it into four smaller congruent squares, which shows that P(n) => P(n + 3). 
Hence all we need is to check that the statement holds for n = 6,7, 8. 

For n = 6, we can divide the square into 9 congruent squares and then join 
four of them into a larger one. 8 

For n = 7, we first divide the square into 4 equal squares and then divide 
one of those further into 4 equal squages. 

Finally, for n = 8, divide the square into 16 congruent squares and then 
join 9 of them into a bigger one. 3 
The next variant is known as the Strong Principle of Induction: 


OO. 


Theorem. Let P(n) be a statement about n € N. Suppose that 
1. P(0) is true; 
2. Vn EN, if P(k) is true Vk < n then P(n) is true. 
Then P(n) is true for all n € N. 


Proof. Suppose that P(0) is true and for all n € N, if P(0), P(1), ..., P(n—1) 
are all true, then P(n) is true. We want to show that P(n) is true for all n 
using the weak principle. 

Let Q(n) be the statement “P(k) is true Vk < n”. Then Q(0) is true from 
the hypothesis. Suppose that Q(n) is true. Then all of P(0), P(1),...,P(n) 
are true. So P(n +1) is true. Hence Q(n + 1) is true. By the Weak Principle 
of Induction, Q(n) is true for all n. So P(n) is true for all n. 


1 1 
Example 1.2. Show that if «+ = € Z, then z” + a € Z for all positive 
integers n. 
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Solution. We begin with the base cases P(1) and P(2). P(1) is true from 
the hypothesis. Since 

2, 1 1\? 
xl + =a =|(r+- -= 2; 
x z 
P(2) is also true. 


Assume now that P(n — 1) and P(n) are both true for some n > 2. We 
now observe that 


1 1 1 1 
+1 E -1 
r” FT = (z+5) (+5) — (2 +=) EZ, 


because all of P(1), P(n — 1), P(n) hold. Therefore, by the Strong Principle 
of Induction, P(n) is true for all positive integers n, completing the proof. 


Remark. More generally, we can consider the following variant: We have 
a proposition depending on n € N, a non-empty set of natural numbers A 
for which P(a) is true Va € A and asequence of operations ø which applied 
repeatedly to the elements of A give all elements of a non-empty set K CN. 
If for any such operation c, P(a) true implies P(o(a)) true, then using the 
Principle of Induction, one can show that P(n) is true for all n € K. A good 
example of such a variant is the Cauchy Induction, where usually A = {1} or 
A = {2} and we show P(n) = P(2n) and P(n) = P(n— 1). Another popular 
example is when we have A = {1} and K = {1,...,n}, for some fixed n > 1, 
so we prove that P(k) holds for 1 < k < n. These two examples shall be 
discussed in greater detail in the chapter on Inequalities, where we will make 
intensive use of this technique. 


1.1.3 Paradox of Induction 


We are about to illustrate one of the most intriguing facts about the Prin- 
ciple of Induction, the so called Paradox of Induction. 
For example, say we want to prove for every positive integer n the propo- 
sition 
1 1 1 


eee a ee as 
eG eta 


2 
2 a 
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denoted by P(n). We easily check that P(1) is true. Then we assume P(n) is 
true and we try to prove P(n +1) i.e. assume 


1 1 1 
1+=4+-4+...4— <2 1 
soa ae (1) 
and try to prove 
1 1 1 1 9 
Pot gta tong A 


But the only thing we can deduce directly from (1) is that 


1 1 1 1 
Pea T a Sore 
which is not good enough for what we want. At first glance, it may seem that 
this statement is too hard to be proved by induction. Actually, it is too weak! 
The paradox of induction is that sometimes it is easier to prove a stronger 
statement by induction. Let us try to use induction to prove for every natural 
number n the proposition E 


@ 


Telegram 
m 


1 1 ; 1 
gg Or? oR Tm (2) 
denoted by Q(n). Clearly Q(n) is stronger than P(n). Again, we easily check 
that Q(1) is true. We then assume Q(n) is true and try to prove Q(n + 1) i.e. 
assume (2) and try to prove 


TEER U ga 
hg bg Poe H Ti gm 


which is straightforward by adding Fr to both sides in (2). The conclusion 
follows by the Weak Principle of Induction. 

The paradox of induction is exactly what makes induction so interesting 
to us. Say we want to prove that for every natural number n the proposition 
P(n) holds, but induction does not work. Then we consider for every natural 
number n another proposition Q(n) stronger than P(n) and use induction to 
prove that for every natural number n, the proposition Q(n) is true. The 
idea behind the paradox of induction is quite simple to explain, but there is 
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one key question: how do we choose our stronger statement Q(n)? In most 
situations, the stronger statement is suggested by the induction step that we 
have to perform. Let us look at some further examples which show how we 
apply this idea. 


Example 1.3. Show that for any n > 1, there exist integers an, bn such that 


(HA) - ati’ 
2 2 ` 


Solution. We try to proceed by proving the statement using induction on n. 
For n = 1, the statement is clear by taking a; = 1 and bı = 1. 
Assume now that the result holds for some n > 1, that is 


1+ V5 ” 2 an + bn v5 
2 H 2 2 ? 
for some integers an and bn. Then E 
14+V5\") and invd 1+v5 
= —___ 
2 32 2 
_ an + bn v5 F an v5 + 5bn 
E 4 
7 facts + antbn V5 
age e 
b 
We would now like to say that we take an+ı = Gre OO and bn+1 = adasa 


But for these to be integers, we need to know that an and bn have the same 
parity. This suggests that we could probably prove the following stronger 
statement: 

“For any n > 1, there exist integers an, bn of same parity such that 


(5) - an + bn v5 5 


2 2 


Notice that if we manage to prove this assertion, we clearly prove the one 
the question asks as well. 
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For n = 1 we had a; = bı = 1 above, so the base case is verified. Now for 
the induction step, we obtain as before that 


(5 - ant5bn 4 anthn /5 
2 7 2 


Since a, and bn have the same parity from the inductive hypothesis, we 


An + 5bn An + bn 


have that an41 = and bn+1 = are both integers. Also, we 


have that an41 = bn+1 + 2bn, SO Qn41 and bn+1 have the same parity, proving 
the inductive step. By the Weak Principle of Induction, the proof is complete. 


Example 1.4. Show that for any n > 3, n! can be written as the sum of n 
distinct divisors of itself. 


Solution. We try to prove our statement by induction on n. The base case 
is n = 3, for which we have 3! = 1+ Æ+ 3. 
Assume now that the statement holds for some n, that is 


ks 


n! = dy +d +... +dn, 


with dı < d2 < ... < dn distinct divisors of n!. Using (n + 1)! = n!(n + 1) we 
have that 


(n+ 1)! = (n+ 1)di + (n+ 1)d2 +... + (n+ 1)dn, 


where (n + 1)di < (n + 1)d2 < ... < (n+1)dn. 

To make the inductive step work, we need to come up with a sum of n+ 1 
divisors of (n + 1)! from the n divisors (n+ 1)dı < (n+ 1)d2 < ... < (n+ 1)dn. 
One of the most natural things that one could try is to write (n + 1)d; as 
nd, + dı. Then this would create an extra divisor and definitely dı | (n+ 1)!, 
because from the inductive hypothesis we know that dı | n!. The problem 
with this idea is that it might be that even though dı | n!, we might not have 
that nd; | (n+1)! (for example, if dı = n and n is a prime number). However, 
this would not be an issue if we could get some control over d; in the inductive 
assumption. For example, if we could always set dı = 1, then clearly nd, is 
always a divisor of (n+1)!. Moreover, when we write (n+ 1)dı = dı + nd, we 
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also get for the inductive step that dj = 1. So let us try to prove the following, 
stronger statement: 

“For any n > 3, n! can be written as the sum of n distinct divisors of itself, 
one of them being equal to 1.” 

We prove this statement by induction on n. We saw above that 3! = 
1+2+3, so the assertion holds for n = 3. For the inductive step, assume that 


nl! =1+do+...+dn, 


where dz < d3 < ... < dn are distinct divisors of n!, all bigger than 1. We 
have that 


(n+1)!=(n+1)+(n+1)d2 +... + (n+ 1)dn 
=1 +n + (n+ 1)d2 +... + (n + 1)dn. 


Clearly 1 | (n + 1)!, n | (n +1)! and since dp | n! for k = 2,...n, we also have 
that (n + 1)d, | (n + 1)!. Also, since 7 > 3 and d2,...,dn are bigger than 1, 
we have that the numbers 1, n, (n + Bdo, ..., (n + l)dn are all distinct. This 
completes the inductive step and the proof of our statement. 
Example 1.5. Prove that for all positive integers n > 1, one has 
1 Be ie. 3 3 
Feel ae oe 


Solution. First of all, let us see why we should strengthen the inequality. Let 
us denote 


o 1 1 1 
= n+l Pre +... + Dn’ 
Ideally, we would like to set P(n) to be the mathematical statement £n < i 
and prove it by induction. Unfortunately, we have that 
1 1 1 1 


“S241 mre n+l a (2n + 1)(2n + 2) 


Tn 


>0. 


Tn+1 ~ Tn 


So our sequence is increasing and therefore, from £n < A we cannot deduce 
that £n+1 < p as we would like for the induction step. So let us sharpen the 
condition to something of the form 
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where f : Z>o — [0,00). This statement clearly implies the one we are in- 
terested in, since f takes non-negative values and therefore £n + f(n) < b 
implies £n < i. 

We now discuss two ideas which are useful in determining what our choice 
for f should be: 

Firstly, notice that the obstruction we had above for applying induction 
directly was that our original sequence was increasing. So if the sequence 
Yn = £n + f(n) was non-increasing, then clearly yn < 5 implies Yn+1 < ý» as 
we have 


< EN 
Ynt1 S Yn < 10 
So to make the induction step work, we impose the condition Yn — Yn+1 > 0, 
which gives 
1 


2 (2n +1)(2n +2) 


In particular, this shows that f should be a decreasing function. 

This is the key point for this typeof questions: we strengthen the result, 
so that we get rid of the obstructions we had in applying induction in the 
first place. On a similar note, if we had an inequality of the form an > c, for 
some constant c, and (an)n>0 was a decreasing sequence, then we would define 
a sequence bn such that b, was non-decreasing and an > bn > c. This is a 
powerful tool which is also often used in Analysis when dealing with limits of 
sequences. 

The second idea we are about to discuss is rather technical and may or 
may not occur in this type of problems: 

We know that the other crucial part of a proof by induction is the validity 
of the base case. If we want the result to hold for n = 1, then this gives 


sti) < oF) <=. 


f(n+1) <f(n) = 


However, here we have a technical observation which gives us some flexibility 
in the following sense: 

We know that £n < KA pe a the first few ee a9 n by hand com- 
putations (for n = 1 we get 5 i sa n = 2 we get 5 3 +4 < w etc). We 
also know that yn < i ae Ln < p- Therefore, aie Yn îs non-increasing, 
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it could be that even if we let yı > ib we obtain yn, < i for some small 
positive integer no, provided the sequence yn decreases fast enough. 

So instead of asking for the result to hold from n = 1, we could start our 
induction from n = no, where no is some positive integer (in our case it will 
turn out that no = 4) and verify by hand the result for the values from 1 to no. 
To illustrate how this could actually become useful, we return to our question: 

We established so far that f should be a function taking non-negative 
values and which satisfies 


1 


Pn +1) <4) — Bean toy’ 


for all positive integers n. Notice that the above inequality could be rewritten 
as 
ee eee ee 
I) = SO) a RT 
Now, what is a better candidate for a function that takes non-negative values 
and decreases at a rate comparable tot than something of the form £? 
So we let f(n) = k and we determine the suitable value for k. We have 


ks 


1o (1 — 4k)n — 2k 


“(ion mar DRF 


f(n+1) < f(n) 


Since the second inequality must hold for any n > 1, we obtain that k > i 
Notice that if we choose k = is we actually have 


But 
FTN Ne gp Ae onl 7 
ue ab te gue e 
and since yn is decreasing, the same will be true for any Yn with n > 4. Hence, 
we basically provided all the results required for a proof by induction that 
Yn < i for all n > 4 and therefore £n < i for all n > 4. As £n is increasing, 
we clearly have that the result also holds for n = 1, 2,3, completing the proof. 


We conclude this section by discussing the following example: 
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Example 1.6. Let F,, denote the Fibonacci numbers defined by Fo = Fy = 1 
and Fri; = Fn + Fy-1 for n > 1. Prove that for any non-negative integer m, 
one has 


Fom = Ffy + Fin 


Solution. It is fair to start by saying that one can actually use Induction 
to prove the question in the given form, though the computations are lengthy 
and messy. We present below a way in which we can generalize the statement 
and make the proof easier. So let us try to prove instead: 

“For any m,n €E N, we have Finin = Fm41 Fn + FmFn-1.” 
Notice that the above statement implies the original one by taking n = m+1. 
For the second statement, we have the following proof: 
For a fixed m, we let P(n) represent the statement that 


OC 


Fm+n+1 = Fini Fari + FinFn. 


gram: @r 


Now, 
P(0) : Frigai = Fm+1; 


P(1) : Fm+2 = Fm+1 + Fm, 


which are trivially true. Now, if P(n) is true for n < k, then: 


Fm+k+1 = Fmẹk + Fm+k-1 
= Frat lay + FmFpg-1 + Fm+1Fk-1 + FmFk-2 
T> Fm+1Fk+1 + FmFçk, 


so P(k + 1) is true as well. Thus, the given relation is always true for any 
m,n. (Notice that our proof of the induction step used P(k) and P(k — 1), so 
it was crucial that we checked two base cases P(0) and P(1).) 


Remark. We will see a different proof of the previous example in the next 
chapter, where we also study several other identities regarding the Fibonacci 
numbers. 
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1.1.4 Well-Ordering and Transfinite Induction 


For a set X, a partial order < on X is a binary relation (i.e. involving 
two elements) satisfying the following properties: 


1. cx x, Vx € X (reflexivity); 
2. For any x,y € X, if x < y and y < z, then z = y (antisymmetry); 
3. For any x,y,z € X, if z < y and y X z, then z < z (transitivity). 


Example. As mentioned in the first section, we can prove starting from 
Peano’s axioms that the usual ordering < on the natural numbers is a partial 
order. Another example of partial order on N is a < b if a | b (check!). 

A partial order under which every pair of elements is comparable is called 
a total order. In the above examples, one can easily check that the usual 
ordering on N is a total order while the partial ordering given by a < b ifa | b 
is not. = 

A subset Y C X for which every pair of elements is comparable is called a 
chain. A total order under which every non-empty subset Y C X has a least 
element is called a well-order. 


Example. N with the usual order is well-ordered, while Z is not well-ordered, 
since the set of even integers has no minimum. The positive rationals are also 
not well-ordered under the usual order. 

We have seen in the first section that once we have defined the three axioms 
as postulated by Peano, we can prove that the natural numbers N satisfy 
the nice property of being a well-ordered set (the well-ordering principle). 
However, we saw that the problem when we tried to prove that the Principle 
of Induction holds was that we needed to assume that N with the usual order 
relation was a well-ordered set. So the natural question one can ask is why do 
we not simply take the well-ordering principle as our axiom and deduce the 
other axioms, including the principle of induction from it? 

It turns out that assuming the well-ordering of N we can deduce the first 
two axioms that Peano postulated, but not the Axiom of Induction. Part of 
the reason for this is that we actually used the Axiom of Induction in the 
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process of defining the usual order < on N. We can prove that taking the well- 
ordering principle as our axiom is not good enough as follows: let N now be a 
general set and < be a well-order on N, such that N does not have an upper 
bound with respect to < (i.e. there is no z € N such that y € N > y < 2). 
The special element 0 € N can be defined as the least element of the non- 
empty subset N C N; for any n € N, the successor of n, S(n), can be defined 
as the least element of the non-empty subset A = {y > n} C N; Indeed, the 
successor function S : N + N is injective and 0 ¢ Im(S). But how do we 
know that if K C N is any set such that 0 € K and for every natural number 
n, ifn € K then S(n) € K, then K = N? We do not know! But how could 
we guarantee that we do not know? 


Surprisingly, the answer is in any dictionary or phone book! Consider 
the set N with the usual well-order < and consider the set X = N x N with 
the lexicographic well-order ~ i.e. (4%, bi) < (ae, be) if ay < a2 or a, = a2 
and bı < b2. Then (0,0) is the smallest element of X with respect to x 
pe the successor function S : X =X satisfies S((a,b)) = (a,b + 1). Let 

K = {(0,a): ace N} cX. Then (0,0) € K and for every z € X, if 
x = (0,a) € K, then S(x) = (0,a+ 1) K. However, K is a proper subset of 
X. Notice that actually we cheated abit as we assumed the existence of the 
set of natural numbers as postulated by Peano. So actually we know for sure 
we do not know, given that we still know something... Therefore, if we take 
“N with usual order < is well-ordered” as an axiom, this axiom does NOT 
define the natural numbers. 


Up to this stage, we have only discussed induction in the context of the 
natural numbers. But what happens if we consider a general set X? Is there 
an equivalent notion of induction as the one we defined for N? 


Notice that if we look at a very large set, like R (the reals), we do not have 
an equivalent notion of successor function as we had for N, as between any two 
reals, there are infinitely many others. Thus, we cannot simply take the three 
axioms of Peano and generalize them to any set. However, we saw that once 
we have established what the natural numbers are, we can define the notion of 
induction on N if we assumed that N is well-ordered. So what happens if we 
postulate the axiom that any set X admits a well-order <? Then a universe 
is born. Strangely enough, this axiom is equivalent to the following axiom: 
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given an index set X and a family of sets F = {A;: i € X}, then there a 
a choice function f : X > Yu Ai, such that for any i € X we have f(z) € Aj. 


Usually, the latter is sieg The Aziom of Choice and the former is called The 
well-ordering theorem. 

How can we imagine a well-ordered set X, especially a big one? We have 
to imagine fractals; a fractal is an object with the property that no matter 
how much we zoom in or out we still see the same thing. Imagine the elements 
of X as points on a line. If we sit very close to X at the beginning of X, we 
see a copy of N of points. From far away, the copy of N appears as a single 
point and we see a copy of N of these single points each of which is actually a 
copy of N. From really far away, this copy of N appears as a single point and 
we see a copy of N of these single points each of which is actually a copy of N 
copies of N. The trip to a fractal is the most boring trip ever as the landscape 
never changes. 


Theorem. (Transfinite Inductior#) Let X be a set with a well-order <, 
and P(x) a proposition for every element x € X which satisfies the following 
property: 


ook 


Telegram) 


(*) If x € X and for every y < x, P(y) is true, then P(x) is true (y < x 
means y < x andy #2). 


Then P(x) is true for all z € X. 


Proof. Assume for the sake of contradiction that the set K = {x € X : 
P(x) is false} is non-empty and let z be the least element of K. Then for 
every y < x, P(y) is true. It follows from the hypothesis that P(x) is true, a 
contradiction. Therefore, we conclude that P(x) is true for all z. 

Given a well-ordered set S of indices, a transfinite construction on S means 
to construct a family of sets K(i) for each i € S as follows: say that for all 
i € S, given all the sets K(j) with j < i, we can construct a specific set K (i). 
Then by the above theorem, we know that we can construct K (i) for alli € S. 
Let us look at a very beautiful example which uses this ideas: 


Example 1.7. (Sierpinski) Is there a set X of points in the plane such that 
every possible line in the plane contains exactly two points from our set? 
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The answer to the question is, quite remarkably, affirmative. Before we 
present the solution to the problem, we need to present some facts from Set 
Theory. The reader who is not familiarized with some the terms we are about 
to use or would like to see some further details can consult any standard text 
book on Set Theory. 


We say two sets X,Y have the same cardinality and we write |X| = |Y| if 
there is a bijection between them. If there is an injective function f : X > Y, 
then we define |X| < |Y|. The Cantor-Schréder-Bernstein theorem says that 
if |X| < |Y| and |Y| < |X|, then |X| = |Y], so cardinality behaves like the 
usual notion of size. This allows us to extend the notion of two sets being the 
same size or one being larger than the other to infinite sets. A set with the 
same cardinality as a subset of N is said to be countable and a set with the 
same cardinality as N is said to be countably infinite. Examples of countably 
infinite sets include N, Z, and Q. There are many more countable sets than 
you might at first suppose. If A is a countable set then so is A x A. In fact any 
union of countably many countable sets is still countable. A set with the same 
cardinality as R is said to have the cardinality of the continuum. A famous 
theorem of Cantor shows that R is not»countable (is uncountable), and hence 
R is “bigger” than N in this sense. 8 


The Continuum hypothesis asserts that there is no cardinal bigger than 
N and smaller than R. For the solution which we present below we shall assume 
the Continuum hypothesis, though there are solutions which do not require 
this. More precisely, we will need the following statement, which is equivalent 
to the Continuum hypothesis: “We can well-order R such that for every real 
r € R, if we look at the set of points a < r, this set is countable.” 


Let us quickly see that the two statements are indeed equivalent. Assume 
first the Continuum hypothesis. Choose an arbitrary well-order < on R. If 
this satisfies what we want, we are done. Otherwise, for each r € R, we look at 
the set of elements less than r with respect to <. This set is either countable 
or has the same cardinality as R. Choose the minimal r with the property 
that the set S = {x € R: x < r} is uncountable. So there must be a bijection 
f: R —> S. Notice that S is well-ordered with respect to <. Now we can 
reorder R via x < y if f(x) < f(y). One can check immediately that this 
defines a well-order on R which satisfies the condition we want. Proving the 
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converse statement is immediate and we leave it for the reader. 

The second fact which we will need is that R? and R have the same car- 
dinality. To see this, notice that we have an injection (0,1) x (0,1) — (0,1) 
given by (0.a1a2a3...,0.b1b2b3 ...) — 0.a1b1 abe... (we discard here the infi- 
nite sequences of 9’s, e.g. 0.099999... = 0.1) and (0,1) is in bijection with R 
(check!). 

We are now ready to give the solution to our problem. Let us denote the 
set of all possible lines in the plane by L. Clearly |R| < |L] < |R?|, so by 
the remarks we made above, L has the same cardinality as R. Assuming the 
Continuum hypothesis, we can choose a well-order < on L so that for each 
l € L we have that the set {x € L : x < l} is countable. We now use a 
transfinite construction on L to construct our set X. Namely, for each l; € L, 
we construct a set of points K(J;) C R? such that: K(l;) is countable, no three 
points of K(I;) are collinear, each line € L with l < l; contains exactly two 
points from K(l;), and if la < ly, then K(la) C K(ly). Let lı be the least 
element of L with respect to <. We construct K(l,) by choosing two random 
points on l4. E 

Let now l; be some element in L atid assume we have constructed the sets 
K(l;) for all 1; < l;. Consider the set“S = U, K(1;). By construction, there 

Zl 


am, 


are no three collinear points in any K(l;) for any l; < l;, hence there are no 
three collinear points in S. Also by construction each of the sets K(l;) is 
countable, hence so is S. If 1; already contains two points from S, we take 
K(l;) = S and this satisfies all our conditions. Otherwise we need to add one 
or two points to S (depending on whether l; already passes through one or 
zero points of S). These points must lie on J; and must not be collinear with 
any two other points of S. Since S is countable, so is the set of lines they 
determined by points in S (since A countable implies A x A countable). On 
the other hand, the set of points on l; is uncountable, so we can pick either 
one or two points on l; with the required properties. Then we let K(l;) be S 
union with these points. 
We now let X = U (1) and we are done. 
leL 
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1.2 Proposed Problems 


Problem 1.1. Prove that for all n > 1: 
1 3 2n-1 1 


E T an 


Problem 1.2. Show that for every positive integer n > 2 one has 


z 
atat +5 <1 
Problem 1.3. (China 2004) Prove that every positive integer n, except a 
finite number of them, can be represented as a sum of 2004 positive integers: 
n = a, + a9 +---+ 2004, where 1 <4 < ag < +++ < 004, and a; | aj41 for 
all 1 < ¿ < 2003. 


cL aor 
~ on+2°" 


Prove that aj +a2 +... +an <1 for alln > 1. 


Problem 1.5. Consider S the set of all binary sequences of length n. It is 
partitioned into two sets A and B, each having 2"~! elements. Two sequences, 
one from A and one from B, form a tentacle if they differ in only one position. 
Prove that there are at least 2”71 tentacles. 


Problem 1.6. Let S be a set of points in the plane (not necessarily finite) 
and consider a complete graph G which has the points in S' as its nodes. We 
color the edges of this graph with two colors. It is known (for example from 
Ramsey Theory) that if S has the same cardinality as N, then we will be able 
to find a monochromatic complete subgraph whose vertex set also has the 
cardinality of N. Is it true that if S has same cardinality as R we will find a 
monochromatic subgraph whose vertex set also has the cardinality of R? 


Chapter 2 


Sums, Products, and 
Identities 


2.1 Theory and Examples 


@m4d_books 


1 


The first mathematical statements proved by induction were related to 
sum identities, to the extent where nowadays it is very common to write S(n) 
(where S stands for sum) for the mathematical statement depending on n 
that we would like to prove. These are perhaps the easiest applications of 
induction, since in order to prove such an identity we usually employ only 
basic algebraic manipulations such as expanding the parentheses or taking 
common denominators. We also mainly require only the Weak Principle of 
Induction for such problems. 

We recall the following standard facts which we shall require later in this 


chapter: 


k 
number of ways in which one can choose a set of k elements from a given set 
with n elements. We have the well-known formula: 


n 
For a positive integer n and an integer 0 < k < n, we denote by ( ) the 
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When k < 0 or k > n, we set (7) = 0. Using the above formula, one can 
prove the following relation, called Pascal’s identity: 


n+1 n n 
= <k<n. 
eC). a idee: 


Let us look at some examples: 
Example 2.1. Prove that for any positive integer n, one has 


n(n + 1)(n + 2)(n +3) 


1-2-34+2-3-44+...+n-(n+1)-(n+2)= ji 


Solution. We begin our solution by setting the propositional statement which 
we will prove by induction: 
Let 


n(n+1)(n+2)(n+ 3) 


P(n):1:2:-3+2-3-4+... +n- (n4 J 


1)-(n+2)= 


elegre sd math_books 


The base case is the least value of % which the question addresses and since 
we are asked to prove that the identity holds for all positive integers n, the 
smallest value is n = 1. 

For n = 1 we need to check that 


which is true. Therefore P(1) holds. 
Assume now that P(n) holds for some n > 1, that is 


1-2-342-3-44...4n-(n41)-(n+2) = Lae (1) 


We need to prove that P(n + 1) is true, namely 


(n+ 1)(n+2)(n+ 3)(n +4) 


1-2-34+2-3-4+...4+(n+1)-(n+2)-(n+3) = 1 
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To derive this, we add (n+ 1)-(n+2)-(n+3) to both sides of (1) and we 
obtain 


1-2-3+...+(n+1)-(n+2)-(n+3) 
_ n(n +1)(n + 2)(n +3) 


SMe a oa a Ce eat) 


= (n+1)(n+ 2)(n4+ 3) (z + 1) 


_ (n+1)(n+2)(n+3)(n+4) 
4 


This shows that P(n+1) is true and by the Weak Principle of Induction, P(n) 
is true for all n > 1, which is what we wanted to show. 


Example 2.2. Show that for any positive integer n, we have 


=. 


Solution. We prove the result by induction on n. For n = 1, we get 0 = 0, 
and for n = 2, we get 3 . 3 = 2. Thus the base cases are verified. 
Assume now that the identity holds for some n > 2, i.e. 


(a-3) (G-p) (1- eae) <1- (1) 


We need to prove it for n + 1, that is 


(sch) act) (t-te) 


To derive this, we multiply both sides of (1) by 


(G-p) em) Oe) 


ith Books 


1 1 
1-—- — —, ] =1- ——.. 
moa) 2n-1 


legra 
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Note that to avoid dividing by zero, we must have n > 1 here, and this is why 
we included n = 2 as a base case. We obtain 


(- ap) (acto 
-1 
-C-z l-ap) (ae) l-a) 


_2(n—1) (2n-—1)(2n+1) 4n(n+1) n? 
an—1 4n? “Qn41? (n-1)(n+1) 

_ 2n 

~ n+l 

> 1 

Se nyl 


as we wanted. 


math_books 


Example 2.3. Prove that for any positive integer n we have 


am, 


I 


Solution. Let P(n) : 1? +22 +... +n? = Ter Ca 
P(1) says that 1? = +23 which is clearly true. 


For the inductive step, we assume that P(n) holds and we derive from this 
that P(n + 1) holds. 


n(n + Hen 1) + (n+)? 
n(2n + 1) 
6 
Gite et 2Gn +9) 
_ (n+1)(n+2)(2n +3) 


a , 


6 


1+2 +... +n? + (n+1)? = 


=(n+1) +(n+1) 
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which shows that P(n+1) is true. Hence, by the Weak Principle of Induction, 
P(n) is true for all n > 1. 


Remark. On a similar note, one can prove several other standard identities, 
like 


1 
L+2+...¢n= MOU, 


14+34+...4+(2n-1)=n?, 


2 
1 
Bat n? = (SEED) ; 


to mention just a few. For such identities, induction turns out to be a very 
powerful tool whenever we know what the result should be, as for example 
proving 5 
n(n+1)(2n+ 1) 

: 6 

without using induction becomes significantly more involved. One downside 
for proving such statements by induction is that it does not give the reader 
a proper intuition of the phenomenon‘behind the problem (in this case, Faul- 
haber’s formula using the theory of Bernoulli numbers). 


1+2 +... +n? 
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Example 2.4. (Binomial Theorem) Prove that for any positive integer n, 
the following formula holds: 


(+y) = 5 O 


k=0 


Solution. We prove the formula by induction on n. For n = 1, 
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n+l. 


Assume now that the result holds for some n > 1 and consider (x + y) 


(z +y)! = (x +y)(z +y)” 
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where the last equality follows from Pascal’s identity. This establishes the 
result for n+ 1 and completes our proof. 


Example 2.5. Prove that 
> k i 2 ee 
z : 
mok k 72 


Solution. We prove the result by induction on n. For n = 1 we have to show 
that 1 + 1 = 2, which is clear. Assume now that the identity holds for some 
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positive integer n > 1 and let 


Using Pascal’s identity, we have 


wr se a1 a eee 


k= A k=1 k 
= =i) a eae J $ Gee + f(n) 
2 
= i F(n-+1) + f(n), 


ooks 


hence f(n + 1) = 2f(n), which is what: we wanted. 


Example 2.6. Let n be a positive integer. Prove that 


ny ny rn n ntl are ae Pee ili 

0 1 n) DE 2 n+1j’ 
Solution. The proof is by induction on n. Denote the left hand side by an, 
and the right hand side by bn. The base case is clear and we only need to 


show that an and bn satisfy the same recurrence. 
A recurrence for bp is simple: 


felegram: Bn: athe 


n+1 


bn = —— Y, 
n = 2n m—1 + 
So we only need to prove that 
n+1 
An = an-ı +1. 
2n 


We have 
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To express this in terms of binomial coefficients of base n, we write n+ 1 as 
(t+1)+(n-— i) and conclude that 


ae _(@+1)+ -o D! RT 


By pumn these relations and using the fact that (5) = (7) = 1, we conclude 
an = Sa, 1 +1. 
n “on ¥n-l1 


Example 2.7. Prove that for any n > 1 we have 


epes eLa 

2 2 A 2] L2 Ale 

Solution. We prove the result by induction on n. For n = 1, the statement 
holds since [3] = [3] . [2] = 0. Also, for n = 2 we have that 


E 

= 2| -1 

BIEL 

so the identity also holds in this case.> 
Now assume that the identity holds for some n > 1, i.e. 


Bl+ Bl+ l- BI Fel. 
Adding [24] + [2] to both sides we get 
Hebrea e ERT] 
e a B 
= (Bld l 
=F]. 


Hence the conclusion also holds for n + 1, so we are done. 
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Example 2.8. Prove that for any n > 1 we have 


(-1)**/n\ 1 1 


Solution. We prove the identity by induction on n. For n = 1, we get 1 = 1, 
so the base case is verified. 
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Assume now the result for some n > 1. To prove it for n + 1, it suffices to 


show that 
W (—1) i /n+1 2 (1)! /n+1 
wie ee) a) 
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We now use Pascal’s identity: 
m+1\  (n\_ n 
k k) \k-1j 
n 1 al n+1 
k-1jk n+1\ k J’ 


so the equality to prove becomes 


1 1 T /n+1 E n 
a (2 k jon REN si 


Also, 
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But now (—1)*-! = (—1)*+!, so using the Binomial Theorem we have 


- (- gn | + ey rere: SHUN ') + (1) 
(Sert) -1- carte) 


SS (lay Sia 


as we wanted. 

We conclude this chapter by establishing some identities regarding the 
Fibonacci numbers. Let (Fn)n>0 be the Fibonacci sequence defined by Fo = 
0,F, = 1 and Fn+1 = Fn + F,-1 for n> 1. We shall also require the following 
facts about 2 x 2 matrices: If 


ha fe oe aid B= & = 
a21 Q22 É bei b22 
we have 
ai +b11 ai2+ b12 
Aves 
(e +b21 a22 + 2) 
and 


_ (411611 + 12b21 @11b12 + a12b22 
A-B= . 
a21b11 + a22b21 @21b12 + a22b22 


For A= (: Al we also define its determinant by det(A) = ad — bc. 

An easy check shows that for two 2 x 2 matrices A and B one has det( AB) = 
det(A) det(B). For more details, the interested reader can consult any stan- 
dard textbook on Linear Algebra. 


Fog- Fn 1 1V 
Example 2.9. Prove that for any n > 1 one has = ; 
Fan Fn 1 0 
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Solution. The base case n = 1 is clear. 


Assume now that 
F, Fri] \1 0J’? 


for some n > 1. 


Then 
1 1 Da Fn+1 Fn 1 1 
2 Fri + Fn Fnii 
Fy eld Fr-1 Fn 
£ (Fe a) 
Fari Fn : 
as required. 
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ds to prove several other useful results 
on 


about the Fibonacci numbers. Let A= : ; , so that the above identity 


Fn+1 Fn 
sA 
( Fn 2 


1. By taking determinants of both sides in the equality 


Fn4i Fn 
= A” 
( Fn ni 


we obtain Fp+1Fn-1 — F? = (—1)”. 


1 


Remark. The above identity allows 


reads 


Then: 


. Using the fact that A™+"-! = A™. A"! (which holds for any square 
matrix) we deduce that Fintn = Fm+1Fn + FmFn-1. This is also known 


as Cassini’s identity. A similar identity for Fm+n+p is obtained by 
exploiting the condition A™+”+?-! = A™. A”. AP-}, 


34 
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3. From & Fn = A”, we obtain that A” = Fn: A+ F,_1-Jo. For 


F, n F, n—1 
n = 2, this reads A? = A + Io, which further implies A”+t? = A"+! + A”. 
Now 


A” = (4P = (Ath =Y (;,) 4 (9 


k=0 


By identifying the corresponding entries in the above relation, we derive 
the identities 


2 [n 2 f(n 
Fn =>) (;,) Fe Pru =>) (p) Fess 


By multiplying both sides of (*):by A™ (m a positive integer) and iden- 
tifying the corresponding elements on the (1,2) entry, we find 


. From A? = A+ Ip we obtain A? -A= I>. Thus 


a — aye = D (Peena $ (2) 


At the same time, (A? — A)” = I} = Iz, so combining this with the 
above relation and looking at the (1,2) entry, we get 


> (P) (-D Fant = Fo = 0. 


k=0 


Generalizing this in the same manner as above, we obtain the more 


general result 
n 


33: & (—1)*Fan—k4m = Fm. 


k=0 
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5. From A” = F,-A+Fp_1-J, one gets 


m 
Am™ = (Fn A + Fail)" =) i aaa! tar ila 
k=0 
which by componentwise identification gives further 


m 


Fam = 3 (pA kpk Fm-k- 


k=0 


Example 2.10. Let (Fn)n>0o be the Fibonacci sequence defined as before. 
Prove that for any N > 1 we have the identity: 


sat Fw 
n=0 Fon a Fon 
Solution. We do induction on N. The base case is N = 1 which gives 
1 1 B 
ee te ~o21+1=3-1, 
FA'A 3— F, el+ 3 


so P(1) is true. 
Assume now that the result holds for some N > 1. Then 


n=0 =0 Fonsi 
-3 Foni 1 
F Fyn Fon+1 
nie Pon _, Fonsi — Fon 


Fon Fon+1 


Now 
Fon _1 Fons T Fon na Fon _1 Fon (Fon 41 + Foni) <= Fon 
Fon Fon+1 <3 Fon Fon +i , 
by applying the Cassini’s identity to Fyn. 
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Further, 
Fy Fev (Fansa + Fava) > Fon _ Fv aFoitg + Riva 7] 
Fon Fonsi 7 Fonsi 
E Fon + Fona 
Fon+i 


by the determinant identity above. 
Finally, 
Fon + Fon -1 _ FN 


Fon+ı Fons ’ 


by applying Cassini’s identity to Fonsi- 1; This establishes the induction step 
and hence the result. 


Telegram: @math_books 


2.2. Proposed Problems 37 


2.2 Proposed Problems 


Problem 2.1. (GMB 1997) Determine the sequence ai, a2,..., of positive 
reals, such that for all positive integers k, one has 


k(k+1 
at-a +3? agt. +8? ap = FEED (a, 4 ay +... tay). 


Problem 2.2. Prove that for all positive integers n, 


ee ee ee ee A T 
2 3 4 | m-1 Rn n+l n+2 ` 2n 
Problem 2.3. Prove that for any positive integer n one has 
11? 212 n!? 
I= n EES 
(n+1)! gy O Gat 
Problem 2.4. Prove that: a 
n (n-k4l 
5 ( k z = Fre, 
k=0 Sb 


for any non-negative integer n. 
Problem 2.5. Show that for any positive integer n, we have 


ROES 


r=1 real 


Problem 2.6. The Bernoulli numbers (Bn)n>0 are given by the following 
recurrence: 


m 1 
Bo=1 and o )2:=0, for m> 0. 
=o t 


Prove that 


it 28 
Htt pe (PTT) ant, 


for all non-negative integers n and k. 
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Problem 2.7. Let n be a positive integer. Prove that 
n 
ey ae =0, 
i=0 t 


foralO<k<n-1. 
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Functions and Functional 
Equations 
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3.1 Theory and Exampl 


Let A and B be two (not necessarily finite) sets. A function f : A > B 
is a correspondence between A and Æwhich associates to each element of A 
precisely one element of B. The set A is called the domain of the function 
and B is called the range. The image of the function f, denoted by Im(f) 
is the set Im(f) = {f(a) : a € A}. For example, f : N > Z, f(x) = —z has 
domain N, range Z and image Z<o. 

If f: A— B is a function and C C B a subset, we define the preimage 
of C, denoted by f~!(C) by 


fC) = {a € A: f(a) € C}. 


For example, when f : R > R, f(x) = 2”, one has f-+({1,4}) = 
{—2, —1,1,2}, while f-!(—2) = 0. 

A function f : A > B is called injective if whenever a and b are distinct 
elements of A, f(a) and f(b) are distinct elements of B. A function f : A > B 
is called surjective if for any element y € B there is an element x € A such 
that f(z) = y. A function f : A > B is bijective if it is both injective and 
surjective. 
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Let us look at a few examples: 


1. Let A = {1,2,3}, B = {2,3}. The function f : A —> B given by 
f(1) = 2, f(2) = 3, f(3) = 2 is surjective, but not injective, because 
both f(1) and f(3) are assigned the same value in B, namely 2. 


2. Let A= B = N, where N stands for the non-negative integers. Then the 
function f : A > B given by f(n) =n +1, for any n € N is injective, 
but not surjective, since there is no element z in A for which f(z) = 0. 
However, if we considered A = B = Z with f(n) =n +1, then one can 
check that f is both injective and surjective, hence bijective. 


3. For A= B = R and f : A > B given by f(z) = 2’, f is not injective, 
since for example f(—1) = f(1) = 1, nor surjective, because we cannot 
have f(x) = —1 for any z € A. 


ooks 


f : A > B is invertible if and only if there is a function g : B + A such 
that g(f(a)) = a,Va € A and f(g(b)) = b, vb € B. When f is invertible, we 
denote its inverse by f~!. It can be=proved that a function f : A > B is 
invertible if and only if it is bijective. > 

A function f : R — R is even if ffx) = f(—z) for all z € R. f :R—R is 
an odd function if f(—z) = — f(x) for any <z € R. 

A function f is an increasing function if whenever x < y we have f(x) < 
f(y). It is strictly increasing if x < y implies f(x) < f(y). Similarly, a function 
f is a decreasing function if x < y implies f(x) > f(y). It is called strictly 
decreasing if x < y implies f(x) > f(y). 

There are several strategies one has to keep in mind when it comes to 
solving functional equations. We shall focus on this chapter on those types 
whose solution relies heavily on induction. The simplest examples are when 
we are asked to prove (or we can easily spot) what the function should be. 
Let us consider a few such questions to start with: 


Example 3.1. Let f : N* > Z be a function with the following properties: 
1) f(2) =2; 
2) f(mn) = f(m) f(n) for all m and n; 
3) f(m) > f(n) whenever m >n. 

Prove that f(n) =n, for all n € N*. 
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Solution. We will prove the result by induction on n > 1. Setting m = 1, 
n = 2 in condition 2) gives f(2) = f (1) - f(2), which combined with condition 
1) shows that f(1) = 1. Setting m = n = 2 we find that f(4) = 4 and since 
f(2) < f(3) < f(4), from condition 3) we get 2 < f(3) < 4, which implies 
f(3) = 3. This shows that the result holds for the few first values of n. 

Assume now that the result is true for all k € N* with k < 2n, some n > 2. 
By 2), we have 


fn +2) = f(2(n +1) = f(2)f(n +1) = 2n +2. 


Also, f(2n) < f(2n +1) < f(2n + 2), therefore 2n < f(2n +1) < 2n +2. 
Hence, f(2n +1) = 2n +1. This completes the induction step and our proof. 
Things can get more complicated if we do not work over the positive inte- 
gers and we may need to get more creative about the way we choose to proceed 
with our induction. A good examples which illustrates some ideas to bear in 
mind is the following: 


Example 3.2. Let f : Qt > QF be 


poe 


Solution. The only such function is f(x) = 74. It is easy to check that this 
function satisfies the conditions above. We want to prove by induction that 
it is unique. Any positive rational x can be written uniquely as x = p/q for 
coprime positive integers p, q. Define the complexity of x to be p+ q. We will 
prove uniqueness by induction on the complexity of z. 

For the base case p +q = 2, i.e. x = 1, notice that plugging x = 1 into the 
first condition gives 2f(1) = 1 or f(1) = 1/2, as desired. 

Now suppose we have proved the uniqueness for all rational numbers with 
complexity less than n. We will need to analyze two cases. 

First, suppose n > 4 is even and x = p/q with p, q coprime and p+q =n. 
Since n > 4, we cannot have p = q. If p < q, then notice that p/(q — p) 
and 2p/(q — p) have complexity less than n. The first of these clearly has 


a fu nction which satisfies 


i(2) = 
O 
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complexity at most p+ (q — p) = q < n. For the second the numerator and 
denominator are both even, hence the complexity is at most p+ 458 = pra <n. 
(We say “at most” here because one might imagine further cancellation. This 
cannot actually occur since any further cancellation would mean p and q have 
a common factor, but “at most” is good enough for us.) Thus applying the 
second condition to p/(q — p) and using the induction hypothesis we get 


P= fla- p)) = 2f(f(p/(q - p))) = 2F@/4), 


or f(x) = f(p/ = 3 J= = zfs. If p > q, then we apply the first condition 
and the result just proven to get 


q p x 
f(x) = f(p/a) =1-f ID mie Hae Te 


This completes this case. 

Now suppose n > 3 is odd and x = p/q with p, q coprime and p+q =n. 
In this case p/(q — p) still has complexity less than n, but q — p is odd so 
2p/(q—p) has complexity n. Thus frong the second condition and the induction 
hypothesis, we only get 


Cilla books 


f(2p/(q — p)) = 2f (p/q). 


The first condition gives f(p/q) + f(¢/p) = 1 and clearly q/p also has com- 
plexity n. Thus instead of being able to immediately solve for f(x) we get a 
collection of linear equations relating f(r) for various rational numbers r all 
of the same complexity. We need to show that this collection has a unique 
solution. We give one method for this. 

Pick a rational number zo = 2k with complexity n and even numerator. 


Hence we get i 
fon ow =2f (<=). 


If k is even, define zı = o that f(xo) = 2f(x1). Otherwise n — k is 
even and we define x; = . ae using the first condition we find that 
f(zo) = 2(1 — f(x1)). Thus we can relate f(z) to the value of f at another 


io 
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rational xı with complexity n and even numerator. Iterating this construction 
we can build a chain zo, £1, £2, ... of such rationals with f (£k) = ch42f (x41) 
for some integer c. There are only finitely many possibilities for x;, hence 
this chain must eventually cycle. Further, we can Die x; from 2441 (if 
tigi < 1, then z; = =, and if x41 > 1, then z; = z 7). Thus the cycle 
must begin with zo. Hence there is some least integer r > 0 auch: that £r = Zo 
and iterating our formulas we find 


f(to) = C +2" f (£7) = C +2" f (xo), 


for some integer C and some choice of sign. Thus we can uniquely solve for 
f(xo). Since we already saw above that f(z) = 74; is a solution, we must 
have f (zo) = ies This also holds for x with even denominator by using the 
first condition f(x) + f(1/z) = 1. 


This completes our induction. In particular, we have 


ooks 


gath 


f (3) = 2012 _ 2012 
2013 2012 +2013 4025” 


Unlike the above two questions, fot most examples we would be asked to 
determine the value for the function ourselves. For such questions, it is good 
to be familiar with a series of standard functions (e.g. f(x) = 2, f(x) = 2”, 
f(x) = sin(x), f(x) = e”, etc.) and their properties, so that we are able to 
spot if the given function resembles any of those. This can make our detective 
work easier. Let us look at a rather easier example first: 


Example 3.3. Find all functions f : N* — N* such that for every n € N* we 
have 


f(F(n)) + f(r) = 2n. 


Solution. We naturally expect to have f(n) = n as the only solution. Let 
E(n) denote the relation f(f(n)) + f(n) = 2n, valid for all n € N*. 

We shall prove by strong induction that f(n) =n for all n € N*. 

For n = 1, E(1) reads f(f(1))+f(1) = 2. Since f(f(1)) > 1, f(1) => 1, and 
we achieve the minimum, we must have f(1) = 1, f(f(1)) = 1, establishing 
the base case. 
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Now assume that f(n) = n for all n < k, some k > 2. For n = k, E(k) 
reads f(f(k)) + f(k) = 2k. If f(k) < k, then f(f(k)) = f(k) by the induction 
hypothesis, and so f(f(k)) + f(k) = 2f(k) < 2k, which is a contradiction. If 
f(k) > k, then f(f(k)) = 2k—f(k) < k, and so E(f(k)) gives us f(f(f(k))) + 
f(F(k)) = 2f(k). Since f(f(k)) < k, we have f(f(f(k))) = f(f(k)) < k from 
the induction hypothesis, so the left hand side is less than 2k. But f(k) > k, so 
the right hand side is greater than 2k, which is a contradiction. Thus f(k) = k. 
This completes the induction and therefore the solution to our question. 


Example 3.4. (Canada MO 2015) Find all functions f : N* — N* such 
that 


(n—1)? < f(n)f(f(n)) <n? +n, forall neN*. 


Solution. We prove by induction on #% that f(n) =n. The base case is n = 1, 
for which we get by substituting in the condition from the hypothesis that 
0 < f(1)f(f(1)) < 2. This necessarily implies f(1) = 1, so the base case is 
proved. F 

Assume now that f(k) = k for all k < n (some n > 2) and assume by 
contradiction that f(n) Æ n. We distinguish two cases: 


Case 1. If f(n) <n—1, then f(f(n)) = f(n) from the induction hypothesis 
and f(n)f(f(n)) = f(n)? < (n — 1), contradicting the condition from the 
hypothesis. 


Case 2. If f(n) = M >n+1, then 
(n+1)f(M) < f(n)f(f(n)) <n? +n. 
Thus f(M) < n and hence f(f(M)) = f(M) and 
f(M) f(f(M)) = f(M)? <n? < (M - 1}, 
which is also a contradiction. This completes the induction and our proof. 
If things are a bit more complicated and we cannot tell what the function 


should be straight away, a good idea is to start by computing the first few 
values (whenever possible) and see if we can spot a pattern from that. 
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Example 3.5. (AoPS) Find all functions f : Z —> R such that f(1) = 3 and 
for any m,n € Z we have 


f(m)f(n) = flm +n) + f(m—n). 


Solution. We can compute the first few values for f to find f(0) = 2, f(1) = 
2.5, f(2) = 4.25 and f(3) = 8.125. This suggests that our function is f(n) = 
2” +27”, Notice that it will suffice to show this for n > 0, since setting m = 0 
gives 2f(n) = f(n) + f(—n), so our function is even. Therefore, we proceed 
to proving by induction that f(n) = 2” +27” for all n > 0. 

The first few base cases were proved above. 

Assume now that the result holds for all positive integers up to some n > 1. 
To show it for n, plug m = n — 1, n = 1 to get 


Fn- Uf (1) =f(n) + f(n- 2). 


| 
All values are known from the induction hypothesis, except for f(n). Sub- 
stituting f(n — 1) =2"-14Q-@-)), ıı) = 3 and f(n — 2) =2"-2 + I?) 
gives us f(n) = 2" +27”, as required This completes our proof. 
For some problems, even if we are: able to spot what the function should 
be, we need to exploit several properties of the function which are given in the 
hypothesis before we are able to prove that our guess is correct by induction. 


A rather famous example is the following: 


Example 3.6. (IMO 2009) Determine all functions f : N* — N* which 
satisfy the property that for all positive integers a and b, there exists a non- 
degenerate triangle with sides of lengths 


a, f(b) and f(b+ f(a) — 1). 
(A triangle is non-degenerate if its vertices are not collinear.) 


Solution. First notice that if a triangle has sides of lengths 1, a, b with a, b 
positive integers, then by the triangle inequality we must have that a = b. 
For a = 1, the above remark tells us that f(b) = f(b+ f(1) — 1). 
Notice that f(1) = 1, as otherwise f(1) — 1 > 0, which from the above 
relation means that f repeats itself every f(1) — 1 numbers. This means that 
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f can take only finitely many values, so if we take a sufficiently large, a, f(b), 

f(b+ f(a) — 1) cannot be a triangle, because a — f(b) > f(b+ f(a) — 1). 
Now, setting b = 1, we obtain that a,1, f(f(a)) must be the sides of a 

triangle. This implies that f(f(a)) = a by one of the previous remarks. 


Claim. f(n) = (n — 1)f(2) — (n — 2), for n > 3. 


Proof. From f(f(a)) =a, f is bijective, so we now know that a, b, f(f(a) + 
f(b) — 1) can be the side lengths of a triangle. This implies that 


f(f(a) + f(b) -1) <a+b. 


If we take a=b=2 we then obtain that f(2f(2)—1)< 4, i.e. f(2f(2)—1) € 
{1, 2, 3}. 

The value 1 is not possible, as we would have 2f(2) — 1 = 1, ie. f(2) =1, 
contradicting the bijectivity of f. The value 2 is also not possible, since we 
would get 2f(2) —1 = f(2), ie. f(2) = 1, which is again a contradiction. 
Therefore, we must have 2f(2) — 1 = (3), proving the base case n = 3. 

For the induction step we use a similar argument, by taking a = 2, b=n, 
and arguing that f(f(2)+f(n)-—1) 2n+4+1. 

We have thus the result f(n) = (n — 1) f(2) — (n — 2). In particular, this 
tells us that f is strictly increasing. Since we already saw that f is bijective 
and f(1) = 1, this means we must have f(2) = 2. Hence the claim reads 
f(n) = 2(—1) — (n — 2) = n for all n > 3. This completes our proof, showing 
that f(n) =n is the only solution. 


Example 3.7. (IMO 2008 shortlist) For an integer m, denote by t(m) the 
unique number in {1,2,3} such that m + t(m) is a multiple of 3. A function 
f:Z > Z satisfies f(—1) = 0, f(0) =1, f(1) = —1 and 

f(2"+m) = f(2"-t(m))—f(m) for all integers m,n>0 with 2? >m. 
Prove that f(3p) > 0 holds for all integers p > 0. 


Solution. The given conditions determine f uniquely on the positive integers 
The signs of f(1), f(2),... seem to change quite erratically. However, values of 
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the form f(2” — t(m)) are sufficient to compute directly any functional value. 
Indeed, let n > 0 have base 2 representation 


n = 2% 42% +... +2, ao >a >...> q0, 


and let nj = 2% + 2%+1+4...+2%,7=0,...,k. Repeated applications of the 
recurrence from the hypothesis show that f(n) is an alternating sum of the 
quantities f (2% — t(nj+1)) plus (—1)**1 (we do not need to know the exact 
formula for our proof). 
Hence we shall focus on looking at the values f(2” — 1), f(2” — 2) and 

f(2” — 3). There are six cases, namely 

t(2*=3)>2.. (2% = 2) =1, 

2 —1)=3, (27+ 3) =; 


t(2?E+1 — 2) = 3,8 Ot) =2. 
| 


oks 


h_t 


Claim. For all integers k > 0 the following equalities hold: 
foe) = 3) =0, Sfar = 2) = 3, 
f(E — 1) = ~34,= p22 — 3) = 36, 
Fore n 2) z —3F, f(22F+2 = 1) = 2. gk 
Proof. We proceed by induction on k. The base case k = 0 comes down to 
checking that f(2) = —1 and f(3) = 2; the given values f(—1) = 0, f(0) = 1, 
f(1) = —1 are also needed. Suppose that the claim holds for k — 1 for some 
k > 1. For f(2*+1—+(m)), the recurrence formula and the induction hypothesis 
yield 
FFE — 3) = f+ (2 — 3) 
= f(2* — 2) — f(2?* — 3) = —3*-1 + 3k! = 0; 
JOT — 2) = f(2* + (2% — 2)) 
= f(2" =1) =f" 42) 2.3) a tS 3", 
J27 — 1) = f(2* + (2™ —1)) 
= f(2* — 3) — f(2% — 1) = ea gh Ege. 
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For f(2?*+? — t(m)), we use the three equalities we have just established: 


f(22k+2 — 3) = f(o2k+1 4 (22+ _ 3)) 

= f(22*+) _ 1) — f(ok+1 _ 3) = -3* — 0 = — 3°, 
f (geht? —2)= f(Q2eH 4 (22k+1 —2)) 

= f(g?k+1 _ 3) — f (2? — 2) -0-3k = 38. 
f(22F+2 -1)= f (2241 + (22k+1 =i) 

Sof (2D) = fF aah 3 So ek 


So we have established the claim. 

A closer look at the six cases shows that f(2"—t(m)) > 3079/2 if 2"—t(m) 
is divisible by 3, and f(2” — t(m)) <,0 otherwise. On the other hand, note 
that 2” — t(m) is divisible by 3 if and only if 2” + m is. Therefore, for all 
non-negative integers m and n, 

i) f(2" — t(m)) > 3-9/2 if 2" + m is divisible by 3; 

ii) f(2” — t(m)) < 0 if 2” + m is not divisible by 3. 

One more (direct) consequence of the claim is that 


math_| 
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|f(2" —t(m))| < 3" - 3"/? for all m,n > 0. 

The last inequality enables us to find an upper bound for | f(m)| for m less 
than a given power of 2. We prove by induction on n that |f(m)| < 3"/? holds 
true for all integers m,n > 0 with 2” > m. 

The base case n = 0 is clear as f(0) = 1. For the inductive step from 
nton+1, let m and n satisfy 2"t! > m. If m < 2", we are done by the 
inductive hypothesis. If m > 2”, then m = 2” + k, where 2” > k > 0. Now, 
by |f(2” —t(k))| < 2 -3"/2 and the inductive assumption, 


[f(m)| = |f(2” — t(k)) — F(R) < [F(2” — t(k))] + IF (k)| 
< : . 37/2 4. 30/2 < g(ntt)/2. 


The induction is complete. 
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We proceed to prove that f (3p) > 0 for all integers p > 0. Since 3p is not 
a power of 2, its binary expansion contains at least two summands. Hence, 
one can write 3p = 27+ 2? + c, where a > b and 2? > c > 0. Applying the 
recurrence formula twice yields, 


f (3p) = f(27 +2? +c) = f(2* — (2? + ¢)) — f(2” — t(c)) + f(o). 


Since 2% + 2° + c is divisible by 3, we have f(2% — t(2? + ¢)) > 3070/2 
by i). Since 2° + c is not divisible by 3, we have f(2° — t(c)) < 0 by ii). 
Finally, |f(c)| < 3/2, as 2 > c > 0, so that f(c) > —3%/?. Therefore, 
f (3p) > 3071/2 — 38/2, which is non-negative, because a > b. 

So far we have mostly looked at examples where we ended up finding the 
function explicitly. However, the universe of problems which involve func- 
tions and their properties goes way beyond that. We conclude this section 
by presenting a few beautiful miscellaneous examples and the nice tools their 
solutions employ. 


Example 3.8. (Canada MO 1990) Let f : N* — R be a function which 
satisfies the following properties: E 

1) f(1) =1, f(2) = 2; 2 

2) f(n+ 2) = f(n+2-— f(n+1))+ f(n+1-—-f(n)). 
Show that 0 < f(n+1)—f(n) <1. 


Solution. The first important observation is that since the domain of f is N*, 
from 2) we have that f(n+1—f(n)) is defined for all n € N, son+1-—f(n) >1 
and thus f(n) < n, for all n € N*. Moreover, n + 1 — f(n) € N* implies 
f(n) € Z, for all n € N*. 

We now show that f(n) > 0 for all natural n by strong induction. 

For the base case we have f(1) = 1, f(2) = 2 and from 2) we immediately 
deduce that f(3) = 2 > 0. 

Now assume that f(n) > 0 for all n < k (where k > 3). Then 


f(k +1) = f(k +1- f(k)) + f(k- f(k- 1)), 
but 1 < k+1-— f(k) < kand 1< k-— f(k—1) < k- 1, so 
f(k+1-—f(k))>0, f(k-f(k-1))>0 = f(k+1)>0, 
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which completes the induction. 

Hence, f(n) > 0 for all n, and since f(n) is an integer, we conclude that 
f(n) € N*, for all natural n € N*. 

Notice that since f(n) € N* for all n, the statement 0 < f(n+1)—f(n) <1 
(for all n) is equivalent to the statement f(n +1) € {f(n), f(n) + 1} (for all 
n). We prove the latter by induction: 

By above we have that f(2) = f(1) +1 and f(3) = f(2), so the base cases 
are verified. 

Now suppose that the statement is true for all n < k. We have two cases: 


Case 1. If f(k) = f(k—1) then we also have that f(k — 2) € {f(k), f(k) —1}. 
If we let a= k — f (k) < k, then 
Fk +1) = Fk +1- FH) + F Fk- 1) 
= f(k- fk 1) + FR-FR) 
= f(a +1) +f (a). 
Also, 


[Telegram: ¢ 


f(k) = f(k — f(k — 1)) + f(k= 1- f(k — 2)) 

= fla) + f(k — 1- f(k — 2)) € {f(@) + f(a — 1),2f(a)}. 
If f(k) = 2f (a), then f(k + 1) — f(k) = f(a + 1)-— f(a) < 1, and we are 
done. If f(k) = f(a) + f(a — 1) (which happens when f(k — 2) = f(k)), then 
f(k+1) —f(k) = f(a+1) — f(a—1) < 2, but if f(a+1) — f(a—1) = 2, then 
f(a—1) = f(a) —1 and f(a+1) = f(a) +1, so 

f(k) = f(k- 1) = f(k - 2) = 2f(a) - 1. 

But in this case we have 

f(k- 1) = f(k -1 — f(k - 2)) + f(k -2 — f(k - 3)), 
so 2f (a) — 1 = f(a — 1) + f(k — 2 — f(k — 3)), which implies 


f(k- 2- f(k- 3)) = f(a), 
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but f(k — 2 -— f(k — 3)) is either f(a — 1) = f(a) —1 or f(a— 2) < f(a—1). 
This is a contradiction. 
So 0 < f(a + 1) — f(a — 1) < 1, and this case is proved. 


Case 2. If f(k) = f(k — 1) +1, then we if we let a = k — f(k) < k, we obtain 
f(k +1) = f(k +1- f(k)) + f(k- f(k- 1))=2f(a +1), 
and 


f(k) = f(k — f(k -1)) + f(k- 1- f(k- 2)) 
= f(a +1) + f(k- 1- f(k- 2)) € {f(a +1) + f(a), 2f(a + Df}, 


so f(k +1) — f(k) € {f(a +1) — f(a),0}, and 0 < f(a + 1)-— f(a) < 1. This 
completes the proof of the second casé as well. 
This completes the induction, so 0 < { (n+ 1)-— f(n) < 1, for all natural n. 


@r 


Example 3.9. (AMM) Given a posit} 
f : N* — N* by 


e integer number k, define the function 


gray 
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f(n) = 1, ifin<k+1; 
f(f(n-1))+f(n—-—f(n-)), ifn>k+1. 

Show that for every n € N*, the preimage f—!(n) is a finite non-empty set of 

consecutive positive integers. 


Solution. We first prove by induction on n that f(n) — f(n—1) € {0,1}, for 
all n € N*. The base cases n = 1,...,k +1 are given in the hypothesis. 

For the induction step, suppose that the assumption holds for all values 
less than n+ 1, for some n > k+1. Note that this implies f(m) < m for 
2<m<n. 

If f(n) — f(n — 1) = 0, then 


f(n+1)-f(r)= fF(n)) + fnt+1—f(n)) -En - 1))- fn- fian- 1) 
= f(n- f(n) +1) — f(n - f(n)) € {0,1}. 
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If f(n) — f(n — 1) = 1, we have 


f(n+1)—f(n)= fF (m)) + fn +1— fn) — EEn- 1) - Fan- fan- 1)) 
= f(f(n- 1) +1) — f(f(n— 1) € {0,1}. 


This completes our induction. We are left to prove that the preimage is a 
non-empty set, which is equivalent to showing that f is unbounded. Assume 
the contrary, so there exist a,b € N* such that all of f(a), f(a+1), f(a+2),... 
are equal to b. Setting n = a + b into the relation in the hypothesis gives us 


f(a+b) = f(f(a+b-1))+f(a+b—f(a+b-1))= f(b)+f(a+b—b) = f(b)+b > b, 
which is a contradiction. This completes our proof. 


Example 3.10. (USAMO 2000) cai a real-valued function f very convex 
if 
fe) +10) . 6 


holds for all real numbers x and y. Prove that no very convex function exists. 


ro 


p= yl 


@ 
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Solution. We prove by induction on n > 0 that the given inequality implies 


f(z) + fy) 


2 - 7 (*) >2"\r—y|, forall n>0. 


This will yield a contradiction, since for fixed x and y, the right hand side gets 
arbitrarily large, while the left hand side remains fixed. The base case n = 0 
holds from the hypothesis. 

Assume now that the result holds for some n > 0. For a,b € R we have 


f(a) + f(a + 2b) 


5 > f(a +b) + 2°" "|b, 


fla+b)+ fla+3b) > 2(f(@+ 2b) +2”+t]b]), 
and 
f(a + 2b) + f(a+t 4b) 


5 > f(a + 3b) +27*"))]. 
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By adding these three inequalities and cancelling common terms we obtain 


iO Beis) Ke mak f(a + 2b) + 2°43 )p). 


Now setting x =a, y= a + 4b gives us 


f(z) + fly) 
Nat ayh 


xr+y 


49) pae- 


which completes our induction. 


Telegram: @ math_books 


54 Chapter 8. Functions and Functional Equations 


3.2 Proposed Problems 


Problem 3.1. Find all functions f : N* — N* which satisfy simultaneously 
the following properties: 

1) f(m) > f(n) for all m > n; 

2) f(f(m)) = 4n + 9; 

3) f(f(n) —n) = 2n +9. 


Problem 3.2. (IMO 2007 shortlist) Consider those functions f : N* => N* 
which satisfy the condition 
f(m+n) > f(m) + f(f(r)) -1, 
for all m,n € N. Find all possible values of f(2007). 
Problem 3.3. Let f : N — N be a function such that f(0) = 1 and 


fn) =s) 
for all n > 1. Prove that E 
f(n- 1)< f(in)en= Fah, for some k,h €N. 
Problem 3.4. (AMM 10728) Find all functions f : Z —> R satisfying 
Fa +0 + è) = fla)? + FO? + flo)’, 
whenever a, b,c € Z. 


Problem 3.5. (APMO 2008) Consider the function f : N — N defined by 
the following conditions : 

i) f(0) = 0; 

ii) f(2n) = 2f(n), for all n € N; 

iii) f(2n + 1) =n+ 2f(n), for all n EN. 

a) Determine the three sets 


L= {n|f(n) < f(n+1)}, B= {n|f(n) = f(n + 1)}, and 
G = {n| f(n) > f(n+ 1}; 


b) For each k > 0, find a formula for a, = max{f(n) : 0 < n < 2*} in 
terms of k. 


ae 
~ 
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Problem 3.6. (India 2000) Suppose f : Q — {0,1} is a function with the 


property that for x,y € Q, if f(z) = f(y), then f(x) = f((x + y)/2) = f(y). 
If f(0) = 0 and f(1) = 1, show that f(q) = 1 for all rational number q greater 
than or equal to 1. 


Problem 3.7. Find all functions f : Qt — QF, such that 
1 1 
f(a) +f(=)=1, and f +22) = 5f00), 


for any x € Qt. 


Problem 3.8. Find all functions f : [0, +00) — [0,1], such that for any x > 0, 
y20 


Fla)fy) = 5 FF @)). 


Problem 3.9. (China 2013) Prove ‘that there exists only one function f : 
N* > N* satisfying the following two conditions: 
i) fQ) = f(2) = 1; z 
ii) f(n) = f(f(n—1)) + f(n - f(me- 1)) for n > 3. 
For each integer m > 2, find the value®of f(2™). 
Problem 3.10. (Silk Road MC) Find all functions f : N* — N* which 
satisfy 


KC 


m 


2f (mn) > f(m? +n?) — f(m)? - f(n)? > 2f(m) f(n). 
Problem 3.11. (Turkey) Find all functions f : Qt — Qt such that 


(5) te) =s (=), for all z EQ. 


Problem 3.12. Find all functions f : Z — Z that satisfy 
f(m+n) + f(mn—1) = f(m)f(n) + 2, 


for all integers m, n. 


Problem 3.13. (Estonia 2000) Find all functions f : N > N such that 
FFF) + FF (m)) + f(r) = 8n foral neN. 
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Problem 3.14. Prove that there exists a unique function f : Qt — Qt 
satisfying all the following conditions: 


a) If0<q< 4, then f(g) =1+ f (qq); 
b) If1<q< 2, then f(g) =1+ f(q—1); 
c) f(a)f (2) = 1 for all q € Qt. 
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Inequalities 


4.1 Theory and Examples 


book 


Before we illustrate the different approaches one can use to prove an in- 
equality by induction, we need to introduce some basic concepts regarding 
inequalities. To ease some of the following definitions, we regard an inequality 
as a function f in one or more variables which we need to prove that has a 
certain relative position with respect to zero (greater than zero, less than zero, 
etc), when the variables are subject to some eon 

For example, for the inequality ee + a + rae ae > valid for any positive 
reals a,b,c, we define f(a,b,c) = 54, + + oy = 3 and we have to prove 
that f(a, b,c) > 0 whenever a,b,c are positive reals. 

A multivariable function f(x1,22,...2n) is called symmetric if for any 
1<i,j <n we have 


J (Gis Pops By Ais ee Tn) = J (Tis Bj ti En) 
i.e. if whenever we swap any two variables we do not change the function. 


Example. f(a,b,c) = a? +b? +c? is symmetric, whereas 
f(a, b,c) = a +b? +05 


is not symmetric, as f(a, c, b) = aè + ê + b? F f(a, b,c). 
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When we deal with a symmetric inequality, we can choose any particular 
ordering among the variables, i.e. we can assume without loss of generality 
that a < b < c (or any other permutation). This follows from the fact that 
any permutation can be written as product of transpositions. 

A multivariable function f(x1,22,...2n) is called cyclic if 


f Cite RT 2n) = f (Tn, tse En—1). 


Example. f(a,b,c) = $+ b + £ is cyclic, while f(a,b,c) = Ẹ + 2 + ? is not, 
since f(c,a,b) = £ + $ + $ # f(a,b,c). 

If we are given a cyclic inequality, we can assume that one particular 
variable is the largest or the smallest. However, we cannot choose a certain 
ordering among all the variables, as it was the case when we had a symmetric 
inequality. 


A multivariable function f(x, £2, $. . Zn) is called homogeneous if when- 
ever t is a real number, we have f(tz1, t£2,... , tEn) = t* f (£1, 22, . . - En), where 
k is the degree of f. S 


Example. f(a,b,c) = a? + b? + c=- ab — be — ac is homogeneous, while 
f(a, b) = a? — b is not, since f (ta, tb) A t? f (a,b). 
When an inequality f(x1,22,...,£n) > 0 is homogeneous of order k, i.e. 


f(tx1,txo,..., tan) = t* f (£1, 29,...,2n); 


without loss of generality, we can assume that the sum of the variables 
is constant, in order to bring the inequality in a simpler form, easier to 
prove it. In general, we can consider more complicated expressions, like 
9(X1,22,...,2n) = constant, where g(z1,%2,...,2n) is a homogeneous ex- 
pression of any order, as long as these fit into the framework of the problem. 

Now that we have established these basic notions, let us look at some 
examples where we can solve inequalities using induction: 


Example 4.1. (Bernoulli’s Inequality) For any real x > —1, show that if 
n is a positive integer, then (1 + z)” >1+4+ nz. 


Solution. We prove the result by induction on n: 
Let P(n): (1+ 2)" >1+4 nz, for all z € R, z > —1. 
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(1+ 2)'=1+1-2, so P(1) is true. 
Assume that P(n) is true for some n > 1. We must show that P(n + 1) is 
true. 
(1+) = (1+2)"-(1+2) > (1+nz)(1+32), 


since P(n) was assumed to be true, and 1 +x > 0. Now 
(1+nz)(1+2)=1+(n4+1)¢+n2? >14+(n+1)2, 


which is what we wanted. So P(n+1) is true, thus, by induction, P(n) is true 
for all n > 0. 


Remark. The inequality actually follows from the following, more general: 


Example 4.2. (Bernoulli’s Inequality) Let z;, i = 1,2,...,n be real num- 
bers with the same sign (i.e. all positive or all negative), mak than —1. 
Then we have E 


1_books 


(L+ai)(l+aa)---(Ltag) 21 tar taet...+ Zn. 


Solution. We prove the inequality by induction on n. For n = 1, we have 
l+a,>1+4+2}. 2 


Suppose now that the inequality holds for n arbitrary real numbers x; > —1 
with the same sign. Now consider n + 1 arbitrary real numbers x; > —1 with 
i = 1,2,...,n + 1 with the same sign. 

Since z1, %2,...,2%n+41 have the same sign, we have that 

(£1 +tg+...+2n)€n41 > 0. (*) 
Hence 


(1 +21)(1 + 22)- a (1 + 2n41) > (1 +21 +T2 +... + zn)(1 + Zn+1), 
using the assumption that P(n) is true. But now 
(lta, +29+...+2%n)(1 + £n+1) 


= 1 +21 +... +n + Tn41 + (T1 +... + 2n)En41 
21+21+...+%n41, 


using (*). 
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Example 4.3. Let n > 3 be a positive integer and let 21, r2,..., &n be positive 
reals. Prove that 


T1 T2 Tn 
+ +... + 
zı t T2 T2 + T3 Zn + T1 


<n-l. 


Solution. The base case is n = 3 and we have to show that 
Tı T2 T3 
+ + 
zı +zt2 z2+2z3 L422 


<2, 


which, after multiplying both sides by —1 and adding 3, is equivalent to 
T2 T3 Tı 
+ + 
Tı t T2 2t+%3 Tı +773 


>1. 


The last inequality is true since one has a ce > err and the analogous 
inequalities, which summed give exactly the desired relation. 

Assume now that P(n) holds for Some n > 3 and we want to show that 
P(n +1) holds. To make use of the iriduction hypothesis, one thing we could 
try is to delete one of £1, £2,. .-, Zn+1 Fand prove that the obtained expression 
in n variables decreases by af most L The induction hypothesis would then 
do the job. 


If we eliminate x;, we are left with 
Ly Li-1 Ti+1 
+... — + 
T1 + LQ Ti—1 + Ti+1  Ti+1 + Ti+2 


Thus the expression would decrease by 


Ti—1 Ti Ti—1 


Ti—1 Ti Ti+ı +X Ti—1 + Ti+1 
So it suffices to prove that 
Li-1 Li Li-1 


ee tt ee 
Ti—1 FTi Vigra tti Ti—1 + Li41 


i if x; ; = Ti—ı Zinu 
Notice that if zi+ı1 < xi (here %n41 = z1), then aoa Se E and 


EEIN < 1. So by aie x; to be the largest of £1, 2%2,...,%n41 we ensure 


the condition we want for our induction to work. This poiupletes our proof. 
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Example 4.4. (Titu’s Lemma) Let aj, a2,...,@n E R and bj, bo,...,bn be 
positive reals. Prove that 

af, On (a, +a2+...+4n)? 
by bo bn bi + bo +... + dn 


Solution. For the proof by induction, the base case n = 1 is clear. Notice 
that for the induction step, it suffices to prove the inequality for n = 2, since 
we then have 


2 2 2 2 2 2 
E E oe (a1 +a2 +... + an-1) 4m (ai +a2 +... +an) 
bi ba bn bi tbo +... + bn-1 bn bi +b2 +... + bn 
We are left to prove the case n = 2, that is 

bi ba TE bı + be 


math 


Multiplying by b1b2(bi + b2) we have to show 
(a?b2 + a2b1) (b1 + $) > (a, + a2)?bıbz. 
Further, after expanding the parentheses, 
(a? + a2)bibz + a2b2 + a2b2? > (a? + a%)b1 be + 2a1b1a2b2, 
which is true since a2b2 + a2b? > 2a1b1a2b2 by completing the square. 
Example 4.5. Let a1, a2,...,@n E R+ such that aiaz ...an = 1. Prove that 
aj tag+t...+@n,2>Nn. 


Solution. We proceed by induction on n. For n = 1, things are clear. Assume 
now that the result holds for n variables and we want to prove it for n+ 1. 
Consider the variables a1, a2,...,@n41. Without loss of generality, we can 
assume that an is the smallest of the variables and a+, is the largest. 
AS @102...Qn@n41 = 1, this implies that a, < 1 and an41 > 1, so that 


(1 — an)(1 — an+1) < 0 & an + an+1 — 1 > Gnan41. We now make use of the 
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case of n variables by considering the variables a1, ao, ..., Gn—1 and QnGn41. 
These are n variables that have product equal to 1 so we know that 
Q1 +42... an—1 + Andn41 > Nn. 
But from above, @nan41 < an + Gn41 — 1, which implies 
ai +a2 +... + an +an41 2>n+1, 


establishing the inequality we wanted to prove. 
Remark. If in the above inequality we set 


Ly Tn 


a, = ——, .. . , ûn = ———, for some positive reals £1,. . . , En, 
1/L1LQ...L£n W/XL1LQ...IXn 
we obtain the well-known AM-GM inequality: 


£i HT +... tTn 


> YT1T2... Tn- 
We would now like to prove a very strong result, known as Suranyi’s In- 
equality. Before we do this, we need to introduce a few more concepts: 


Definition. Let a; < ag < ... < an and bı < be < bn be any real numbers. 
We call S(n) = abı + a2b2 +... anbn the Sorted sum of a1,.. . an, b1,- . -bn 
and R(n) = aibn + a2bn—1 + . . . anbı the Reversed sum. 

For c1, C2,...,Cn being any permutation of the numbers b1, b2,..., bn, we call 
P(n) = ac, + agcg + .. . anCn a Permuted sum of a1, .. . an, b1, . -bn 


Example 4.6. (Rearrangement Inequality) With the above notations, we 
have 
S(n) > P(n) > R(n). 


Solution. We prove the result by induction on n. 

For n = 1, we get S(1) = P(1) = R(1). 

We now assume S(n) > P(n) for arbitrary reals aj < ag < ... < an and 
bı < b2 < bn and we prove that S(n + 1) > P(n + 1) for arbitrary reals 
aı < a2 <... < an+ı and bı < bz < bn41, where n > 1. 
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Since the cj,...Cn4i is just a permutation of bj,...bn41, there is some i 
such that bn+1 = c; and Cn+1 = bj. From the ordering a, < ag < ... < an+1 
and by < bo... < bn41 we have 


(Qn+1 — ai) (bn+1 — bj) 2 0. 
This gives ajbj + an+1bn+1 > Qibn+1 + an+1b;, hence 
Qibj + an+1bn+1 Z aici + an+1Cn+1- 


This implies that in the sum P(n+1), if we swap c; and cn+1 we obtain a sum 
as least as big as the original one. But once we swapped c; and cn41, we reduce 
the problem to showing S(n) > P(n), which is our inductive assumption. So 
we have established S(n+ 1) > P(n +1), thus S(n) > P(n) for all n. 

The inequality P(n) > R(n) now follows easily from S(n) > P(n) by 
replacing bı < b2 <... < bn by —bn S—bn_1 < ... < —bı. 

We shall also need the following cconsequence of the Rearrangement in- 
equality: z 


egrar 


Example 4.7. (Chebyshev’s inequality) If ay < ag < ... < an and bı < 
bo < ... < bn are two increasing sequences of real numbers then 


a,b, + a2b2 +... + anbn S aı taz +... +an bitbet...t+bn 
n = n n 


Solution. By the Rearrangement inequality 
aıbı + a2b2 +... + anbn = a1b1 + a2b2 + ... + anbn 


aıbı + az2b2 + ... + anbn > a1b2 + a2b3 + ... + anbı 
abı + agbg + ... + anbn > a1b3 + azb4 +... + Ando 


a,b, + az2b2 + ... + anbn > aibn + a2b1 + ... + anbn-1 


And the result follows by summing up all those and dividing by n?. 


We are now ready to prove the promised result: 
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Example 4.8. (Suranyi’s Inequality) Prove that for any positive numbers 
1,42, . . . an, the following inequality holds: 


(n— 1)(a] + a3 +... ap) + naiaz... an 
> (ay +a2 +... +an) (at +a! +... + a271). 


Solution. For n = 1 we have nothing to prove. Assume now that the inequal- 
ity is true for n numbers and let us prove it for n + 1 numbers. 

Due to the symmetry and homogeneity of the inequality, it is enough to 
prove it under the conditions a, > a2 >... > an+1ı and aı +a2 +... +an = 1. 
We need to prove that: 


n n 
n > ars +nartt +nan41 II o+dnexT] a;—(1+4n41) ts a + ais) >0. 
i=1 i=1 =] i=1 


= iv 
Il 


From the inductive hypothesis we ha 


m:@ rath book 


(n—1)(af +a3 +... + az) + nara... an Sat + e E T 


Therefore 


n 


n n 
nant |] a > an4 X at — (n — Vang Xa}. 
i=l 


i=l i=1 
Using this last inequality, it remains to prove that: 


n n n n 
piar = 5 at) — Ont (r Ya — X a=) 
i=l i=l i=1 


i=1 


n 
+@n41 (İra + e-na an1 — One i) >0. 


i=1 
Now we will break this inequality into 


mn (Tat + (n — Tet any z) 20 
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and 
n n n n 
piar — yar) — On41 pia — yar) > 0. 
i=1 i=1 i=1 i=1 


The first of these two inequalities is easy, since by Bernoulli’s inequality 
n n 
Il ai = I] (a — An+1 + An41) 
i=1 i=1 


n 
> Any + anti : X (a — üan+1) = ana — (n— lan yi. 
i=l 


For the second inequality, we can rewrite it as 


3 
M 
Q 
-a 
T 
M 
Q 
3 
IV 
Q 
Soks 
m 
EIN 
3 
Me 
Q 
w 
| 
Me 
RQ 
w 
i 
Sel 


am 
Since © 
n En 
ný a spa >0 
i=l =l 
(using Chebyshev’s inequality) and an4i < 1 from Qn41 < ... < ay and 


a, +... + an =1, it is enough to prove that 


This inequality now follows from the fact that na?** + dar! > 2a?, for all i. 
This establishes our inductive step and completes the proof. 

We are also going to prove the well-known AM-GM and Cauchy-Schwarz 
inequalities by induction. To do this, we need to introduce a very useful 
variation of the induction principle, called Cauchy induction. The way 
this works is that instead of proving that P(n) > P(n + 1), we prove that 
P(n) = P(2n) and that P(n) > P(n—1). It is clear that in this way, starting 
from any base case, we can get to any non-negative integer n, hence proving 
P(n) for all possible values of n. 
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Example 4.9. (Cauchy-Schwarz) Let a1,... , an, b1,..., bn be any real num- 
bers. Then 


(a? ea ca? 0b? +... +02) > (abı +... + anbn)?. 
Solution. We use Cauchy induction. For n = 1 the inequality is clear. Also 


for n = 2 we have to prove that (a? + a2) (b? + b2) > (a1bi + azb2)?, which 


after expanding the parentheses on both sides and simplification is equivalent 
to a2b2 + azb? > 2a1a2b1b2 > (aib2 — azb1)? > 0. 

Assume now that the inequality holds for some n > 2 and let us prove that 
it holds for 2n. We need to show that 


(a +... + an) (bi +- - -+ ban) 2 (abr +... + danban)”. 
Let x? = a?+...+a2 (note that this substitution i is possible as a?-+. . .+a2 > 0), 
ri = a241 +... + ans y =b +. +82, Y2 2 = ba +... + bn 


4 


Then from the base case with two vatiables, we know that 


a 


(21 + 23)(y} +92 2) > (z191 + T292)”. 
P(n) implies further that 


xzıyı = y (a? +... +02)(b? +...+ 02) > (arbi +... + nbn), 


and similarly 


Vo 


Telegr 


rey2 > (an+1bn+1 +... + a2nb2n). 
Therefore 
(z1y1 + tayo)” > (abi +... + a2nban)?, 


which is what we wanted. 
Now we are left to prove that P(n) = P(n — 1). In other words, assuming 
that for any n variables we have 


(a? +... +až)(b? +... +02) > (aibi +... + nbn)’, 
we want to prove that for any n — 1 variables 
(a? +... +a2_1)(b2 +... +021) > (abı +... + Gani)’. 
This follows from P(n) by simply setting an = bn = 0. 
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Example 4.10. (AM-GM inequality) Let 21,22,...2, be non-negative 


reals. Then 
Tı + woe + Tn 


Tin > Yama. Fa. 
Equality holds if and only if the numbers are equal. 


Solution 1. Our base case will be n = 2, for which we need to show that 


£1 + T2 


-> > V T1T2. 


This follows from writing the difference as a perfect square: 
ztı+r JTI — £2)" 


Equality holds if and only if zı = xo. 
Now assume that the inequality is% 


zit... Hin Se keee on. 
2n E 


z yri. ME eu -Tn 


rue for some n > 2. Then we have 


th Qooks 


any 


> UTI i Re 


Here we used the inequality for n twice and then the inequality for n = 2 
and the numbers 7/71... and %/%n41.--2n. Equality holds if and only if 
T1 =... = Ln, Ln4i = .-. = Lon and their geometric means are also equal, 
which implies 71 = £2 =... = Lan. 

Finally, let us assume that the inequality holds for n variables and prove 
that this implies that it holds for n — 1 variables. The idea is to plug in £n as 
the arithmetic mean of the other terms and cancel it out. So set 


_ Ti+... t+ Tn- 
G n-—1 f 


From AM-GM for n numbers which we assumed to be true we have that 


Ti+... + Ena t 


n 
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This implies that 


titen Fori 


> 
n—1 = 


Raising this expression to the n-th power yields 


„Zıt... +Tn-1 


n—1 , 


(Stat Fac 


n 
) > £1%2...Ln-1 
n—-1 


and cancellation yields 


(2t 


n—l1 
) > T1T2...Tn—l1, 
n— 1 


books 


which implies the desired inequality. 


| 

Remark. A variant of the Cauchy induction is the following: assume we have 
to prove an inequality involving variables Z1,-.-,2n. We start by showing as 
before that the base case holds and that P(n) = P(2n). If the base case was 
n= l or n = 2, this would prove the result for the situation when n is a power 
of 2. For a general n, we choose a k sufficiently large such that 2* > n. We 
then use the fact that P(2*) holds and set some convenient particular values 
for the variables 2n41,...,2%x which enable us to derive the result for the 
remaining variables 71,...,2n. To illustrate how this variant works, we use to 
give another proof of the AM — GM inequality: 


Second solution to AM-GM. The first part of the proof which establishes 
the base case n = 2 and the implication P(n) = P(2n) is the same as in the 
first solution. 

Now given n a positive integer, choose k such that 2% > n and set 


ai +... an 
n+l =... = Age = ————. 


n 


Then using the fact that P(2*) is true, we have 


k 
ay t+... + an t+ (2* — n) Mtn > 2h \/azag... dn (tan )2F -n 
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which further simplifies to 1 > a,...an- (Staten n, which is exactly the 
sought inequality. 

Another example for which we use the second form of Cauchy induction is 
the following: 


Example 4.11. (USSR 1990) All coefficients of a quadratic polynomial 
f(z) = ax? + br + c are positive and a+b+c=1. Prove that the inequality 


f(x1)-+-..+f(@n) 21 
holds for all positive numbers 21,..., £n, satisfying 71 -...-%p = 1. 


Solution. First observe that if zı = 1, we havef (x1) =a+b+c=1. 
We now prove that for any positive reals x and y we have 


f(a): FO) Z FED) (1) 
Let z := TY. Then one has : 
Fle) - Flv) -GOP =o (2-2) (cy 22) + 2-1) 


+ab (xy + ay? — 22) + ac (a? +7? — 227) +be(x + y — 2z) 


= ab (/2%y — Vay)” + acla — y)? + be (Ve - yg)” > 0. 


We now prove by induction that whenever n is a power of 2, for all positive 
reals £1,...,%n, the following holds: 


f(@1) ++. fn) 2 (f Ra)” 


Assume that this is true for n = 2*. Then using the inductive hypothesis and 
(1) we obtain 


IV IV 
—~ —™ 
=œ S 
—~ —™~ 
S = 
t a 
k 8 
al S 
A Ner SS’ 
F R 
Noer = 
NY ors, 
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and so the statement is also true for n = 24+, 


Suppose now that n is arbitrary and 71 -...-%, = 1. Let k be the positive 
integer such that 2471 < n < 2*. Let us add, if necessary, %n41 = Ini2 = 
... = Zok = l. Since f(tn41) = f(tn42) =... = f(g) = 1, we may write 


f(a) >... Fen) = Fer) +... flan) > (f (Ya Ee) =L 


This completes our proof. 


Telegram: @math_books 
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4,2 Proposed Problems 


Problem 4.1. There are n > 1 real numbers with non-negative sum written 
on a circle. Prove that one can enumerate them aj, a2,...,@n, such that they 
are consecutive on the circle and 


a, >0, aj +a2 > 0,..., ai +a2 +... + an-ı > 0, ai +a2 +... +an > 0. 
Problem 4.2. Let a1, a2,...,@n, be positive real numbers. Prove that 
ai a2 an ai t: + an 


n EEE ETA E e ne = = et 
(1+a1) (1+a + a2)? (L+a ttan)? leap cana, 


1 1 
Problem 4.3. Show that 2(./n+1—1) < 1 + —= +... + —= < 2yn. 
(VaFT =A) <1+ Jz < 2v7 
Problem 4.4. Let x be a real numbef. Prove that for all positive integers n, 
|sinnz| < n|sin zl. 


Problem 4.5. Let n > 2. Find the least constant k such that for any 
Q1,...,@n > 0 with product 1 we have 


a142 a243 AnQ1 


a a ee ee 
(a? + a2)(a¥+ai) (a2 + a3)(a¥ + a2) (a2 + a1)(af + an) 7 


Problem 4.6. Let a1, a2,...,@n be integers, not all zero, such that a, + ag + 
---+ an = 0. Prove that 

9k 

jaz + 2a2 +---+ m4 > 3° 


for some k € {1,2,...n}. 


Problem 4.7. Let n > 2 and a1,a2,...,an E (0,1) with ajag...a, = A”. 
Show that 
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Problem 4.8. (APMO 1999) Let a1,a2,... be a sequence of real numbers 


satisfying a;4; <a; + aj for all i, j =1,2,.... Prove that 
a2 a a 
E 
2 3 n 


for each positive integer n. 


Problem 4.9. (Tuymaada 2000) Let n > 2 be a positive integer and 
X1,...,%n be real numbers such that 0 < zk < Z, for all k = 1,2,...,n. 
Prove that 
n 
(a et) i), 
T1 + T2 +... + Tn Tı Tn 


Problem 4.10. (China) Let a1,. os an be real numbers. Prove that the 
following two statements are equivalent: 


a) aj +a; > 0 for all i 4 j; 
b) If z1,...,@ are non-negative real numbers whose sum is 1, then 


D 
azı +... + ann > ar? +... + An x2. 


Problem 4.11. (USAMO 2000) Let a1, bj, a2, b2,..., an, bn be non-negative 
real numbers. Prove that 


n n 
DS min{aja;, bib; } < D min{a;b;, ajbi}. 
i j=1 ij=1 


Problem 4.12. (Romania TST 1981) Let n > 1 be a positive integer and 
let £1, £2,..., £n be real numbers such that 0O < £n < £n-1 < ... < £3 < T2 L 
zı. We consider the sums 


Sn = £1 — T2 +... + (—-1)"an-1 + (~1)"* ay; 


Sn = 2? — 22 +... OST BS a 


Show that s2 < Sh. 
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Problem 4.13. Let 1 = zı < £2 < ... < Zn41 be non-negative integers. 
Prove that 
yT2— T Jf 2. -T 1 1 
o dar i Ae eae E ee 
T2 Tn+1 2 n 


Problem 4.14. Prove that 


n 
X |sin(žz)| < 1+ =n, 
i=0 


ae 


where n is a non-negative integer. 


Problem 4.15. Prove the following inequality 


2(a701? + 1) (BP! + 1) (0? + 1) > (1g abe)(a?™ + 1)(b9 + 1)(e7" +1), 


C 


where a > 0, b > 0, c> 0. g 
Problem 4.16. Prove that for any Te € Z, n > 14 and any z € (0, =) the 
following inequality holds: E 

sin 22 sin 3x os sin(n + 1)z Pee 

singz sin2z sin ng 


Problem 4.17. Let A, = 5 + t +++ i, n > 2. Prove that 
efn > Yn! > 2%, 
Problem 4.18. Show that if £1, £2,...,n € (0, 1/2), then 


T12... Ln z (1 — z1)... (1 — £n) 
(ti + z2 +... +2)” T (1-21) +...+(1—2n))”" 


Problem 4.19. (ELMO 2013 shortlist) Let n be a fixed positive integer. 
Initially, n 1’s are written on a blackboard. Every minute, David picks two 
numbers x and y written on the blackboard, erases them, and writes the 
number (x + y)* on the blackboard. Show that after n — 1 minutes, the 


n2— 
number written on the blackboard is at least 24 3 
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Chapter 5 


Sequences and Recurrences 


5.1 Theory and Examples 


| 
When we are given a sequence that satisfies certain properties (such as a 
recurrence relation) and we are asked to find the general term in closed form, 
we can try guessing an = f(n) in several ways and then prove that our guess 
is correct by induction. We list a few key strategies that are helpful in this 
process: 


a) Starting from a1, we may try to calculate the first few terms aj, a2,... 
until we spot a possible formula. 


b) It might be easier to actually calculate the ratios E for n = 1,2,. 
and then guess a rule which can be proved by induction. 


c) The guess may become easier if we know that our sequence converges to 
some value a. In this case, we can substitute an41 and an with a in the 
recurrence relation and find the value of a. Then studying the value of 
an — a, we might spot a pattern. 


d) By calculating the first few terms, we may notice some correlation be- 
tween the given sequence and some other famous sequences that we 
know, for example the Fibonacci sequence. 
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e) Guess a functional form for an with a small number of free 


parameters 


and try to solve for these parameters. For example, one might guess 
an = P(n) is a polynomial of low degree in n or an exponential a, = Cr”. 


We present below some examples that use some of these ideas. 


Example 5.1. The sequence (a@n)n>0 satisfies 


1 
main et) re 3 (22m +a) for allintegers m,n>0 with 


If ay = 1, find Qj995- 


Solution. If we set m = n, we get that 


1 

a2m + ao = 5 (42m +@2m) => ao = 0. 
Also 8 
aa 

a140 + a1-9 = 5 (2 +a) = ag =4. 


We now use strong induction to prove that a, = k? for all k > 0 
cases k = 0,2 are verified above and aj = 1 from hypothesis. 
Setting n = 0, m = k in the recurrence relation, we get 


1 
ak + ap = z (02k +0) = > ax = 4ak 
Setting m = 2k, n = 1 and using the above formula, we obtain 
1 1 
a2k+1 + a2k-1 = z (04k +a) = zak + ae), 


and hence 
a2k+1 = 202% — A2~-1 + 2. 


. The base 


Assume now that a; = j? for all 2 < j <n. If n = 2k is even, we obtain 


an = 4az = (2k), 
and if n = 2k + 1 is odd, we obtain 


an = 2azk — a2k—1 + 2 = 2(2k)? — (2k — 1)? + 2 = (2k + 1}?. 


Hence an = n? for all n. In particular, ai995 = 1995?. 
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Example 5.2. Define the sequence (£n)n>0 by 
1) £n = 0 if and only ifn = 0 and 
2) En41 = ea + (-D°z? ) for all n > 0. 
Find z,, in closed form. 


2 
2 


Solution. Setting n = 0 and n = 1 yields zı = z? and zo = z2, hence 
£1 = £2 = 1. From the given condition we obtain 


2 2 2 
Ponsa = T241 +22 and Ton = £241 — T2- 
Subtracting these relations implies 
a ee eee 
Lan41 — Lon = Ly + Ln_1 = L2n-1; 


hence 
T2n+1 = L2n + Ln-1,n > 1. (1) 


We induct on n to prove that 


math_b 


Lon = LIn—-1 E Tona, n>1. (2) 
Indeed, £2 = 21 + Xp and assume that (2) is true up to n. Then 
Lon42 — Lan = Lago — Tp — Lay H Tp- 
© (anyi + tn)? — 02 — 0241 + (Enti — En)? 
= g2 41 + T = Tny, 


as claimed (the equality (*) holds because of (1) and the induction hypothesis). 
From relations (1) and (2) it follows that £n+2 = £n+1 + £n for all n > 0. 
Because zo = 0 and zı = 1, the sequence (%n)n>0 is the Fibonacci sequence, 


hence i a 
nET- 


Example 5.3. Define the sequence (an)n>0 by ao = 0, a1 = 1, ag = 2, ag = 6 
and 


Ant4 = 2an4+3 + an+2 — 2an+1 — An, N = 0. 


Prove that n divides a,, for all n > 0. 
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Solution. From the hypothesis it follows that a4 = 12, a5 = 25 and ag = 48. 

We have Bee: ae on 

Ee Oe 1, 2 =2, $=3, S=5, S=8. 

This shows that = Fp for all n =1,...,6, where (Fn)n>1 is the Fibonacci 
sequence. 

We prove by induction that a, = nF, for all n. Indeed, assuming that 


ak = kF, for k <n+3, we have 


an+4 = 2(n + 3) Fria + (n+ 2)Fn42 — 2(n +1) Fry — Fy 
= 2(n + 3) Fras + (n+ 2) Free — 2(n + 1) Fagi — 2(Fr4e — Fr41) 
= 2(n + 3) Fri3 + 2Fonde — (n+ 2)Fn41 
= 2(n + 3)Fn+3 + 2Fon+2 — (n + 2)(Fn+3 — Fn+2) 
=(n + 4)( Fnt3 + Fr+2) 8 
=(n + 4) Fria, s 
as desired. Z 


Example 5.4. Let (an)n>0 be the sequence defined by ap = 0, aj = 1 and 


an+1 — 3an + An—1 w 
— M = lM 
2 ( ) , 


for all integers n > 0. Prove that an is a perfect square for all n > 0. 


Solution. Recall that the Fibonacci sequence is given by Fi = 1, Fp = 1 and 
Fna2 = Fait + Fn, (n > 1). We claim that an = F2 and we prove this by 
induction on n > 0. 

The base cases are an immediate check: 


a% = ff =0, a = f? =1, a = f =1. 


Assume that the statement is true for some n > 2, we will prove it for n + 1. 
We have 


Anti — 3an + An—-1 | An — 3An—1 + An—2 


- = (-1)"+(-1)""1 =0. 
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Thus an41 = 2an — 2an—1 — Gn—2 and it is enough to prove that 
Foy, = 2F; + 2FL — Faia, or 
(Fy + Fy—1)? = 2F? + 2F?_, — (Fn — Fr-1)’, 
which is clearly true after expanding the parentheses on both sides. 
Example 5.5. Consider an = V2 , a tower of n terms equal to V2. 
Prove that an is increasing and bounded above by 2. 


Solution. We will prove by induction on n that an < 2 and an < an41. 


For n = 1, clearly /2 < 2 and Jw? > v2. 
Assuming the result for some n > 1, by the induction hypothesis we have 


Also, E 
an = an— 
an+1 = V2 2 v2 n= an. 


Example 5.6. (USAMO 1997 shortlist) Let a, = ag = 97 and 


An+1 = An@n—1 + y (a2 — 1)(a2_, -1), n > 1. 


OC 


m:@1 


Prove that 
a) 2+ 2an is a perfect square; 
b) 2+ /2+ 2an is a perfect square. 


Solution. The expressions a? — 1 and 2 + 2a ask for the substitution 


E gy A 


The equality 5 (0? + zx) = 97 implies 2+ 2a = (b + i = 196, hence 


1 
= = 14. 
b+ 
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Setting b = œ yields 2+ /2+2a = (c+ 1 = 16, thus c + 1 = 4. Let 
c=2+ v3. We will prove by induction that 


1 1 
an = 5 (o> +s), n> 1, 


where Fp is the nt? Fibonacci number. 
Indeed, this is true for n = 1, n = 2 and, assuming that 


implies 
1 / ar, 1 4F 1 
Inkt iad 4 (c a a6) (c AE a) 
Lf imo H ) ( aa 1 ) 
+ 4 (c = En C = Aina 
=x 1 4Fn+1 E 1 ) 
=7 (c + Fo 
Then . 3 
1 
2+ 2an = 2+ ch + Ge = ( OE nm 7 =) 
and 


1 \2 
2+ V2+2an =2 + + = = (+=) 
Cc n cn 


To finish the question, notice that £m = c™ + a is an integer for all positive 
integers m since it satisfies xp = 2, 41 = 4, and £m = 4¢%m_1—Xm_—z2 for m > 2. 


Example 5.7. Determine the general term of the sequence (an)n>1 given by 


1 
aj=1, n41 = Ie (1 + 4an + VI + 24an). 


Solution. For this question, we will use the approach where we first prove 
that the sequence converges to some value a, and after we substitute an41 
and an with a in the recurrence relation, we find the value of a. Clearly the 
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sequence has only positive terms. We prove that the sequence is decreasing. 
To do this, it suffices to show that 3 < an for all n, since we then have 


-y (16an — 1 — 4an — VIF 24a) 
(12an — 1 — VI F 24an). 


an — an4t1 = 


ite 


~ 16 


Now 12a, — 1 — y1 + 24a, > 0 is equivalent to 12a, — 1 > V1 + 24a,. Since 
n= E, we can square both sides and we get 


144a? — 48an > 0, which is true, as an > 4. 


We show that an > i by induction. The base case is verified from the hypoth- 


esis. For the inductive step, we have 
1 1 1 1 
— | 1+4- 1+24-]| =>. 
16 oral +45 + 14245) = 5 


This completes our induction. So an ie decreasing and bounded below, hence 
convergent to some value a > 0. Substituting a for an+ı and an in the recur- 
rence pean we find that a = 0 or a = Z. AS an > 3 for all n, we must have 
that a = 3. Then 


ath_books 


1 
= (1 + 4an + VI F 24an) 


T 


N 


am: @n T 


i eee eee | 1 
u-353tp @- 3p t ae 
1 1 1 1 1 
~e—s- tz M3 at Se 
Now we claim that 
1 1 2 
ice aS Dec YE 


This claim can be proved explicitly by induction. We have already established 
the base cases. Assuming it for n, we have 


1 1 2 1 1 2 
ala ofa). 
An4+1 = (1+ 3° 90 + 3 qn +4/1+ 24 z mtg gn 
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After noting that 
Lo 4 2 ) a ( 4 y 
1+24(54 on tyga = 3+ on ; 
and expanding and simplifying the terms accordingly, the above expression 
gives the desired formula for an41, completing our induction. 


Example 5.8. Consider the sequences (Un)n>1, (Un)n>1 defined by ui = 3, 
Vy = 2 and Un+1 = 3Un + 4Un, Und = 2Un + 3Un, Nn > 1. Define £n = un + Un, 
Yn = Un + 2vn, Nn > 1. Prove that yn = ESA for all n > 1. 


Solution. We prove by induction that 


u2 — w2 = 1, n> 1. (1) 


thesis. Assuming that the equality is 


t books|| 


For n = 1, the claim is true from hy 
true for some n, we have 


Tae = 202 1 = (3un + Aun)? ,2(2un + 3Un)* = u2 — 2v2 =1, 


eleghkam:@ma 


hence (1) is true for all n > 1. We now prove that 
2x? — y2 =1,n>1. (2) 
Indeed, 
2x2 — y2 = 2(un + Un)? — (Un + 20n)? = u2 — w? = 1, 
as claimed. It follows that 
(£n v2 = Yn) (tnv2+ Yn) =l1,n2>1. 
Notice that t,V/2 + yn > 1, so 
0< TnV2- y <1,n2>1. 


Hence yn = ERA. as claimed. 
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Example 5.9. (IMO 2013 shortlist) Let n be a positive integer, and con- 
sider a sequence @j,Q2,...,@n of positive integers. Extend it periodically to 
an infinite sequence a1, a2,... by defining an+; = a; for alli > 1. If 


aı Laz <... Lan Ss aN (1) 


and 
Qa Sn+i—1 for i=1,2,...,n, (2) 


prove that 
a+... +n Ln. 


Solution. We provide a solution to this problem by induction on n: 

We begin by verifying the initial case n = 1. For this we get aa, < 1, and 
since for n = 1, the sequence is constant, this implies a] = ag, < 1, so the 
result follows. 

For the general case we first rule out the simple cases when a, = 1 (which 
implies ag,...,dn <n+1), a = n {which implies a, < n), or dn < n, as 
for these the inequality holds trivially. We also see that if ayn, then we get 
n <a, < aq, < n, a contradiction. So: we may assume aj < Nn < Gn. 

Now consider the number t with E< t < n — 1 such that 


oks 


ay Laz L... <lat IN < Gey S... San. 


Since 1 < a < n and aa, < n by (2), we have a; < t. 
Define the sequence dj,...,dn—1 by 


fies ee ifi<t—1; 
Qi41—2 ift >t, 
and extend it periodically modulo n — 1. One may verify that this sequence 
also satisfies the hypotheses of the problem. The induction hypothesis then 
gives 
dı +... + dn-1 < (n — 1)”, 


which implies that 


n t n 
Soa: = a+) (di-1+1)+ X` (di-1+2) < t+(t-1)+2(n-t)4+(n-1)? = n?. 
i=1 i=2 i=t+1 
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This completes our induction and hence also the proof of the problem. 


Example 5.10. (Russia 2000) The sequence aj, ae, ... , a2000 of real numbers 
satisfies the condition 


a +a +... +a = (ai +a +...+4n)’, for all 1 < n < 2000. 
Prove that every element of the sequence is an integer. 
Solution. We prove by induction on n both that a, is an integer and that 
Nr(Nn + 1) 

2 
for a non-negative integer Np. We extend this sum to the case n = 0, for 
which we use No = 0, and this will be the base case of our induction. 


Assume now that the claim holds for some n > 0 and we prove it for n+1. 
We are given that 


aj+agt...+ An = 


n+l 

3 
a, 
i=1 
which is equivalent to 


N,,(Nn +1 22 NN +N? 
(= = + ans = (=+) aT 2) + a3,4. 


By expanding and factoring, the above equality becomes 


An+1(An41 = (Nn HE 1))(@n41 + Nn) = 0. 


Thus an41 € {0, Nn +1,—Nn}, so that an+ı is an integer. 
To finish the induction, we need to determine Nn+1. If an41 = 0, then we may 
set Nn41 = Nn. If angi = Nn +1, then 


3 
ae 
ak 
RQ 
S. 
{ elegram: @ math_besk 
II 


is Nr(Nn +1 Ny +2)(Nn +1 
X aj + anyi = n(n bina et Ne) n x z ) 
i=1 
so we may set Nn+1 = Nn + 1. Finally, if an+1 = —Nn, then 
Z Na(Nn +1 Na(Nn— 1 
Sarera = DE a 3 ), 
i=1 


so we set Nn+1 = Nn — 1. This completes the induction step and the proof to 
our problem. 
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5.2 Proposed Problems 


Problem 5.1. The sequence (an)n>ı is defined by a; = 2 and 


2+ an 
1 — 2a,’ 
Prove that all its terms are nonzero. 


an4+2 = n> 1. 


Problem 5.2. Let (an)n>0 and (bn)n>0 be sequences defined by 

An4+3 = On42 + 2an+1 tan, n = 0,1,..., ao =1, a =2, a2 =3 
and 

bn+3 = bn42 + 2bn41 + bn, n = 0,1,..., bo = 3, bi =2, bg = 1. 


How many integers do the sequences Have in common? 


Problem 5.3. (India 1996) Define a-sequence (Gn)n>1 by aı = 1 and ag = 2 
and an+2 = 24n41 — an + 2 for n > le rove that for any m > 1, amam4i is 


also a term in this sequence. 


gram: 


Problem 5.4. (Russia 2000) Let na .. . , An be a sequence of non-negative 
real numbers, not all zero. For 1 < k < n, let 


Qk—i+1 + Ak-i42 +... + ak 
Mk = max +. 
1<i<k i 


Prove that for any a > 0, the number of integers k which satisfy mę > a@ is 
less than %1+22t--ten | 


Problem 5.5. (USAMO 2003) Let n #0. For every sequence of integers 
A = 0,@1,02,...,@n satisfying O<a;<i, for i=0,...,n, 
define another sequence 
t(A) = t(ao), t(a1), t(a2),...,t(an) 


by setting t(a;) to be the number of terms in the sequence A that precede the 
term a; and are different from a;. Show that, starting from any sequence A as 
above, fewer than n applications of the transformation t lead to a sequence B 
such that t(B) = B. 
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Problem 5.6. (Russia 2000) Let a;,a2,... be a sequence with a; = 1 sat- 
isfying the recursion 


ee an— 2 if ad, —2 ¢ {a1,a2,...,Qn} and a,—2>0; 
nri an +3 otherwise. 


Prove that for every positive integer k > 1, we have an = k? = an_1 + 3 for 
some n. 


Problem 5.7. Let (tn)n>1 be defined by the relations xı = 1, and 


Prove that |xz2| = n, for all n > 4. 


Problem 5.8. (Russia 2000) For 
sequence ag, Q1, @2,..., where 


ny odd integer ag > 5, consider the 


Teleg{@fn: @ math ghooks 


an 


if an is odd, 


if an is even, 


Q 


Aan+1 = fre 


for all n > 0. Prove that this sequence is not bounded. 


Problem 5.9. (China 1997) Let (an)n>1 be a sequence of non-negative real 
numbers satisfying anim < Gn + am for all positive integers m, n. Prove that 
if n > m, then 


an < Mma, + (= = 1) am- 


Problem 5.10. Let n > 2 be an integer. Show that there exist n+1 numbers 
T1, £2, ...;En41 € Q\ Z, so that {xf} + {x3} +... + {x3} = {x341}, where 
{x} is the fractional part of z. 


Problem 5.11. Let (an)n>1 be a sequence of real numbers such that 


a 
a1=@,=1 and On+2 = Anti + gp? for n>1. 


Prove that an < 2 for any n> 1. 


5.2. Proposed Problems 87 


Problem 5.12. (IMO 1995) The positive real numbers 2, £1, . . . , £1995 Sat- 
isfy £o = £1995 and 


1 
Ti—1 + = 2z; + a) 
i-l Ti 
for i = 1,2,...,1995. Find the maximum value that zo can have. 


Problem 5.13. (INMO 2010) Define a sequence (an)n>0 by ao = 0, a1 = 1 
and 

An = 24n-1 + @n-2, for n>2. 
a) For every m > 0 and 0 < j < m, prove that 2am divides am+; + (—1)fam-—3. 
b) Suppose that 2° divides n for some natural numbers n and k. Prove that 
2* divides an. 


Problem 5.14. (IMO 2013 shortlist) Let n be a positive integer and let 


a1,--.,@n—1 be arbitrary real numbers. Define the sequences ug,..., un. and 
V0,- . -Un inductively by uo = u1 = væ= vı = 1, and 

Uk+1 = Uk + AUk-1, Ve+1 = Vet An—kUk—1 for k = 1,...,n— 1 
Prove that Un = Un. 2 


Problem 5.15. (IMO 2006 shortlist) The sequence of real numbers 
ao, @1,42,... is defined recursively by 


n 
an—k 
a = —1, 5 =0, for n>1. 
pooh 


Show that a, > 0 for n > 1. 


Problem 5.16. Let (Gn)n>o be a sequence defined by 


a9 =a, =47 and 2an41 = Gndn—1 + y (a2 — 4)(a2_, — 4). 


Prove that a, + 2 is a perfect square for any n > 0. 


Problem 5.17. Let ao,a1,a2,... be an increasing sequence of non-negative 
integers such that every non-negative integer can be expressed uniquely in the 
form a; + 2a; + 4a,, where i,j and k are not necessarily distinct. Determine 
A1998- 
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Problem 5.18. A sequence of integers a1, a2,a3,... is defined as follows: 

= 1 and for n > 1, an41 is the least integer greater than an such that 
a; +a; A 3a, for any i,j and k in {1,2,3,...,n+ 1}, not necessarily distinct. 
Determine ayjgo8. 


Problem 5.19. Let k be a positive integer. The sequence aj, d@2,a3,... is 
defined by a) = k +1, and an+1 = a2 — kan + k, n > 1. Prove that am and an 
are coprime (for m # n). 


Problem 5.20. (Bulgaria TST 2011) Let (£n)n>ı be a sequence defined 
by zı = 2 and 


2 
Ent = 5 , forall n>1. 


Is this sequence eventually periodic? z 


ks 


Problem 5.21. (St. P PoE 


given by 21 = $, y = 3 and 


et (In)n>1 and (Yn)n>1 be two sequences 


Engi = Tn + T2, Unt: = Yn +y2 for n>1. 


Te Frame mé a 


Prove that for any positive integers m and n, we cannot have £n = Ym- 


Problem 5.22. (Taiwan 2000) Let f : N* — N be defined recursively by 
f(1) = 0 and 
f(n) = max {fG) + fî- 3) +5}; 


1e] 


for all n > 2. Determine f (2000). 


Problem 5.23. (Taiwan 1997) Let n > 2 be an integer. Suppose that 


Q1,42,..., Qn are positive real numbers such that 
Qi—1 + Qi+1 
ki = ———— 
Qi 


is a positive integer for all 2 (here ag = an and an41 = a1). Prove that 


2n < ki +k2 +... + kn < 3n. 
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Problem 5.24. (Zeckendorf) Prove that any positive integer N can be rep- 
resented uniquely as a sum of distinct and non-consecutive terms of the Fi- 
bonacci sequence: 


m 
N=" Fis tj — 3-1 > 2. 


Problem 5.25. Let a > 1 be a real number which is not an integer. Prove 
that the sequence (a@n)n>0 defined by 


= [a4] — afa" 


is not periodic. Here, |x] denotes the integer part of z. 


Problem 5.26. (China 2004) For a given real number a and a positive 
integer n, prove that: 


i) There exists exactly one sequerice of real numbers 2, £1, ..., En, En+1 
such that g 
zo = In41 = 0, E 
Pit ti) = mi +a- a, i=, n. 
ii) the sequence 20, 71,. «ss By Brig in i) satisfies |x;| < |a| where i = 


0,1,...,n+1. 
Problem 5.27. (IMO 2010 Shortlist) A sequence z1, Z2,... is defined by 
aj=1 and Zk =—Tk, T2k-1= (—1)**12,, for all k>1. 
Prove that for all n > 1, we have 
£1 +z2 +... + £n > 0. 


Problem 5.28. Let an be the number of strings of length n which contain 
only the digits 0 and 1 and such that no two 1’s can be distance two apart. 
Find a formula for a, in closed form. 


Problem 5.29. (IMO 2009 shortlist) Let n be a positive integer. Given 
a sequence £1, ..., En—1 with c; = 0 or e; = 1 for each i = 1, ..., n — 1, the 
sequences ag, ..., An and bo, ..., bn are constructed by the following rules: 


ao = bo = 1, a, =b = 7, 
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2 i— 3 i i — 

Qi+1 = CEE tet 0, for each i = 1,...,n— 1, 
3ai—1 + ai, ife; = 1, 
26;— 3bi, i E . 

bind = pie i ens 0; for each i=1,...,n—1. 
3bi—1 + bi, if En- = 1, 


Prove that an = bn. 


Problem 5.30. (IMO 2008 shortlist) Let ao, a1, a2, ... be a sequence of 
positive integers such that the greatest common divisor of any two consecutive 
terms is greater than the preceding term; in symbols, gcd(a;,a;41) > aj-1. 
Prove that a, > 2” for all n > 0. 
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Chapter 6 


Number Theory 


6.1 Theory and Examples 


We start by giving a comprehensive review some of the basic notions and 
results which we shall employ in this chapter: 

Given a,b € Z, a £ 0, we say a divides b, a is a factor of b or a | b if 
there exists c € Z such that b = ac. For any b, +1 and +b are always factors 
of b. The other factors are called proper factors. 


The Division Algorithm is a theorem which asserts that given two inte- 
gers a and b with b Æ 0, there exist unique integers q and r such that 


a=qb+r, and 0<r< jbl. 


A common factor of two integers a and b is an integer c € Z such that c | a 
and c | b. The highest common factor or greatest common divisor (gcd 
for short) of two numbers a,b € N is a number d € N such that d is a common 
factor of a and b, and if c is also a common factor, c | d. We will denote the gcd 
of a and b by gced(a, b) or simply (a,b). It exists and it is uniquely determined 
by a and b. If d = gcd(a,b), then d | (ua + vb), for all u,v € Z (in fact d 
is the smallest positive linear combination of a and b). Bézout’s theorem 
says that if a,b € N and c € Z, then there exist u,v € Z with c = ua + vb 
if and only if (a,b) | c. Euclid’s Algorithm provides an explicit procedure 
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for computing gcd(a, b), namely if we continuously break down a and b by the 
following procedure (stopping when we get a zero remainder): 


a=qmb4+r 
b= geri +r2 
T1 = Q3r2 + 73 


Tn—-2 = InTn-1; 


then the highest common factor is rnp_1. We say a and b are coprime if 
gcd(a,b) = 1. 

A positive integer p is prime if p > 1 and the only factors of p are +1 
and +p. The Fundamental Theorem of Arithmetic (which we will prove 
shortly) says that every positive integer is expressible as product of primes 
in exactly one way. Euclid proved that there are infinitely many primes and 
Chebyshev’s Theorem says that for any n > 3, there is always a prime 
between n and 2n—2. For a positive integer a and a prime p, we will frequently 
use the notation v,(a) to denote the power of p in the prime factorization of 
a (e.g. v3(18) = 2, ve(11) = 0). We can extend this notation to rational 
numbers by defining vp (Z) = vp(m) — vp(n). 

For two integers a and b and a positive integer n we write a = b (mod n) 
to mean n | (a— b). Standard properties such as a = b (mod n) and c = d 
(mod n) imply ac = bd (mod n) can be proved from the definition. 


Chinese Remainder Theorem. Let (m,n) = 1 and a,b € Z. Then there is 
a unique solution (modulo mn) to the simultaneous congruences 


i =a (mod m) 
x=b (mod n) 


i.e. there exists x satisfying both and every other solution is = x (mod mn). 
Fermat’s Little Theorem. If a is a positive integer and p is a prime, then 
a? =a (mod p). 

We will prove this theorem in the examples below, too. 
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For a given positive integer n, we let ¢(n) denote the cardinality of the set 
{ae N*:a<n and (a,n) = 1} (ie. the number of positive integers less 
than or equal to n and coprime to n). 


Euler’s Theorem. If a and n are positive integers and (a,n) = 1, then 
a?(") = 1 (mod n). This generalizes Fermat’s Little Theorem from above. 

For two positive integers a and n with (a,n) = 1, the order of a modulo 
n is the smallest positive integer k such that a* = 1 (mod n). Notice that 
Euler’s Theorem proves that the order always exists and that it divides ¢(n). 

Given a positive integer n, an integer a is called a quadratic residue 
modulo n, if there exists an integer x such that z? = a (mod n). Otherwise, 
a is called a quadratic non-residue. For a prime number p, and an integer 
a one defines the Legendre symbol by 


1 if a is a quadratic residue modulo p; 
a s 
(2 = 1 ifa is a quadratic non-residue modulo p; 


0 if (a,p)> Le 


Standard properties of the Legendre symbol follow from the properties of 
moduli. For more details on this, as well as the applications of the Legendre 
symbol in other areas of Number Theory, we invite the reader to consult any 
standard texts on Elementary Number Theory. 

From the Division Algorithm, we know that for each positive integer n 
and any integer a, there exists a unique integer 0 < b < n — 1 such that 
a = b (mod n). For a given positive integer n, the relation a ~ b given by 
a~ bifa=b (mod n) is an equivalence relation. By the observation we have 
made, we can choose the equivalence class representatives to be the numbers 
0,1,...,n—1. We let Zn = Z/nZ = {0,1,...,n—1} be the set of these classes. 
If for a € Z we denote by [a] € Zn its corresponding equivalence class, we can 
define an additive operation on Zn in the natural way as c+ d = [c+ d], for 
any c,d € Zn (so for example 2+ 3 = 1 in Z4). In a similar manner, if we 
look at the set Z* = (Z/nZ)* = {0 <a <n: ged(a,n) = 1} instead, we can 
define a multiplicative operation on Z% via c-d = [c-d]. In general, we will be 
concerned with the case when n = p is a prime, so that Z, = {0,1,...,p—1}, 
Zp = {1,2,3,...,p—1}, and the operation defined on Zp is addition, while on 
Zy it is the multiplication, as described before. 
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6.1.1 The p and [2] Technique 

A particularly nice variant of induction which we have not met yet and 
is specific to Number Theory is the following: rather than proving P(0) and 
P(n) = P(n + 1), we prove that P(n) is true by induction on the number 
of (prime) factors of n (not necessarily distinct). One of the most famous 
applications of this idea is: 


Example 6.1. (Fundamental Theorem of Arithmetic) Prove that every 
natural number n > 2 is expressible as a product of primes in exactly one way. 
In particular, if 

PıP2 -Pk = 4192---1, 


where p;, qi are primes, but not necessarily distinct, then k = l and qi,...,q 
are p1,...,P% in some order. 


books 


Solution. For the proof, we will need_the following result, which follows from 
Bézout’s theorem and we leave it as añ exercise for the reader: if p is a prime 
number and p | ab then p | a or p | b. = 

Let us now prove the original question. Assume the contrary. Then (by 
the well-ordering principle) there exists a minimal n that cannot be written 
as a product of primes. 

If n is a prime, then n is a product of primes. Otherwise, write n = ab, 
where 1 < a,b < n. By minimality of n, both a and b are products of primes. 
Hence so is n. Contradiction. 

For the second part, we do induction on k + l, where k and l are the 
number of prime factors in two representations of n, as in the hypothesis. 
When k +1 = 2, we must have k = 1, l = 1 (otherwise we get that product of 
two primes is equal to 1, which is a contradiction). But then we have pı = qu, 
which is what we wanted. 

Now let pi--:pe = qi-:-q@. We know that pilqi---q@. Then 
pilqi(qeg3--:qi). Thus pilq; for some i. Without loss of generality, assume 
i = 1. Then pı = qı since both are primes. Thus pop3---pr = 92q3°-- qı- 
From the induction hypothesis for l + k — 2, we are done. 


Example 6.2. (OMM 2002) Let n be a positive integer. Does n? have more 
positive divisors of the form 4k + 1 or of the form 4k — 1? 
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Solution. Denote by M(n) the number of positive divisors of n? of the form 
4k — 1 and by P(n) the number of positive divisors of n? of the form 4k + 1. 

We prove by strong induction that M(n) < P(n). For n = 2" we have 
M(2*) = 0 < 1 = P(2*). 

Let p be a prime such that p { n, p = 1 (mod 4). Then every divisor 
of (pn)? = pn? of the form 4k — 1 is a power of p times a divisor of n? 
of this form and similarly for divisors of the form 4k + 1. Hence M(p%n) = 
(2a +1)M(n) and P(p%n) = (2a+1)P(n), so M(n) < P(n) forces M(p%n) < 
P(p?n). 

Now consider a prime p such that p { n, p = —1 (mod 4). Then every 
divisor of (p%n)? = p?*n? of the form 4k — 1 is either p?” times a divisor of n? 
of the form 4k — 1 (for some 0 < r < a) or p?! times a divisor of n? of the 
form 4k+1 (for some 1 < r < a), and the reverse for divisors of the form 4k+1. 
Thus M(p°n) = (a + 1)M(n) + aP(rå and P(p®n) = (a+ 1)P(n) +aM(n), 
so M(n) < P(n) again forces M(p%n)-< P(p%n). 

An example where the number of-factors of N that we induct on do not 
have to be necessarily prime is the following: 

Example 6.3. (St. Petersburg) The number N equals the product of 200 
different positive integers. Prove that N has at least 19901 different divisors 
(including 1 and the number itself). 


Solution. We show by induction that if N equals the product of k distinct 
positive integers, then N has at least ke-1) + 1 distinct divisors. The base 
case N = 1 is trivial. 

For the induction step, assume M = ay-...-€x441 = N-ax41. We can assume 
without loss of generality that ax41 is the largest among the a;’s = bens, 
we simply reorder them). By the induction hypothesis, the number N = 


ae 
has at least ke-1) -1) + 1 distinct divisors. Note that X = . ak+1 are all divisors of 
M, which are bigger than N, since ax41 > a; for = = Zis .,k. So we have at 
least k new divisors for a total of at least KR) 1) +1+ - (ktk + 1 distinct 
divisors. 


We will now prove a beautiful result, called the Erdös-Ginzburg-Ziv theo- 
rem. For this, we need the following auxiliary result, which also uses induction: 
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Example 6.4. (Cauchy-Davenport) Let p > 3 be a prime number. Then 
for any two non-empty subsets A and B of Z/pZ, we have 


|A + B| > min(|A] + |B| — 1,p), 
where A+ B= {a +b: a€ A,be B}. 


Solution. We will prove the statement using strong induction on |A|. For the 
base case, note that when |A| = 1 we have |A + B| = |B| (since A+ B is just 
a translation of B) and thus there is nothing to prove. 

For the induction step, let A be a set with |A| > 1. Because |A| has at 
least two elements, we can assume without loss of generality that A contains 
0, by translating the set if necessary (notice that this operation does not affect 
the statement of the problem). Let x be one of the other non-zero elements. 
We can also assume that 1 < |B| < pas otherwise there is not much to prove 
either. Thus, there is an element n“such that nz € B but (n + 1)z ¢ B. 
Translating by —nz in B, we find that 0 € B and z ¢ B. 

Now note that AU B+ ANB C A+ B. The key observation here is that 
AN B contains 0 and is not the whole-of A because x ¢ B. So we can use the 
induction hypothesis to obtain 2 


|A+B|>|AUB+ANB| > min(|AN B| + |AUB|—1,p). 


Using the well-known identity |A N B| + |AU B| = |A| + |B|, we obtain the 
result. 


Example 6.5. (Erdés-Ginzburg-Ziv) Prove that from any 2n — 1 numbers 
one can choose n whose sum is divisible by n. 


Solution. This problem uses induction on the number of prime divisors of n. 

Firstly, let us prove the simpler part of the question, which is the induction 
step. We prove that if the problem holds for n = a and n = b , then it also 
holds for n = ab: 

Consider 2ab—1 numbers. We select 2a—1 of them and from the induction 
hypothesis, from these 2a—1 numbers we can select a group of a numbers whose 
sum is divisible by a. Discarding this set of a elements, we have (2b — 1)a — 1 
numbers left. From these, we choose 2a — 1 more numbers producing one 
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more group of a numbers whose sum is divisible by a. In general, if we have 
selected k < 2b — 1 groups of a numbers whose sum is divisible by a, we 
have (2b — k)a > 2a — 1 numbers left, so we can select one more such group. 
Thus, at the end we will have 2b — 1 groups of a numbers whose sum is 
divisible by a. Let these groups be G1, Go,...,Ga,_1 with the corresponding 


sums @$1,aS2,...,@52)-1. From the induction hypothesis on b, we can find 
1 <i <... < % < 2b—1 such that Si + Sis +... + Sj, is divisible by b. 
Therefore the ab numbers from the groups Gii, Gi,,..., Gi, have the total sum 


divisible by ab, which is what we needed. 

We are now left to prove the base case, namely that for a prime p, given 
any 2p — 1 numbers one can choose p out of them whose sum is divisible by 
p. Since for our sums we are only interested in the residues modulo p, we 
may assume without loss of generality that the 2p — 1 numbers are in the set 
{0,1,...,p—1}. Let us denote these 2p— 1 numbers by a; < a2 <... < dap-1. 
If a; = ai4p-1 for some i < p— 1, then we must have 


at 


Qi + Qi+1 +... + ai+p®1 


Om 


pa; =0 (mod p). 


K 


m 


Otherwise, let us define A; = {ai, dixp-1}, for 1 < i < p— 1. By repeated 
application of the Cauchy-Davenport ‘Lemma, we conclude that 


|A + Ag+... + Ap-il =D, 


and hence every element of Zp is a sum of precisely p — 1 of the first 2p — 2 
elements of our sequence. In particular, —agp_1 is such a sum, which gives us 
the required p-subset whose sum is 0 in Zp. 


6.1.2 Divisibility 


Other typical applications of Induction in Number Theory are the divisi- 
bility problems. We will look at a few ideas that arise in this type of questions. 
We begin with an easy example which involves only algebraic manipulations: 


Example 6.6. Prove that for all n € N we have that 17 | 2°°*9 + 5”. 3"*?, 


Solution. Let P(n): 17 | 25748 + 5” . 37+?. 
We have 2° + 5° - 3? = 17, so P(0) is true. 
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Assume now that P(n) is true for some n > 0. 
We must show that 17 | (257+8 + 5"+1. 3"+3)_ We perform the following 
algebraic manipulations: 
p5nt8 — g5n+s3 , 25 — gener? (Sai 2)= = g5n+3 , 34 — pnts | 2, 
5PH. gn+3 — pr. a 15 = 57. 3+2. 17 5r. 3+2. 2, 


Therefore, in order to prove P(n + 1), it suffices to prove that 
17 | 2°73 .2 457. 3+2. 2, 


which follows from the fact that P(n) was assumed to be true. By the Weak 
Principle of Induction, we have the conclusion. 

A rather nice application of indugion concerning divisibility problems is 
the following: 


ath_bool 


Example 6.7. (Fermat’s Little Theorem). Let p be a prime number. 
Then p divides n? — n for all positive integers n. 


Solution. We prove the result by ingiuction on n. The base case n = 1 is 
true, as p | (1? — 1) =0. 
Assume now that the result holds for some n > 1, i.e. p | (n? — n). Then 


(nap —(n41) =n + (Pmt + P ja-a 


! 
Now @ = aon and for 1 < i < p—1, p cannot divide i! or (p — i)!. 


Ziji! 
Hence we conclude that 2 is divisible by p for 0 < i < p. Now n? -n 


is divisible by p from the induction hypothesis, so p | ((n+1)? — (n + 1)), 
proving the result. 
Let us look at some more examples: 
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Example 6.8. (Kvant M2277) Prove that the sum 
Sa 1" +2" +...4+(*-1)" 
is divisible by 2*~1 for all positive integers n and k. 


Solution. If n is odd, then we can rewrite the sum as 
S = (1"+(24—-1)")+(2"+(2*—2)") +. . + ((207 1)" + (2-7 41)”) $22 Y, 


and we can clearly see that S is divisible by 2*—! in this case. 

If n is even, we prove the result by induction on k, with the base case k = 1 
being clear. Assuming the result for some k > 1, we know that a” = (2*+1—a)” 
(mod 2*), hence 


1” +... + (2t — 1)” PO SI bias 


(QR 1)" + (2*+1)") +2" = 201" $2" +... + (2* —1)") +2" (mod 2*). 


From the induction oe we know that 1” +2” +. ..+(2¥—1)” is divisible 
by 2471, thus 1” + 2” +... + (25+! -4 must be divisible by 2*, completing 
our pier 

The following more challenging problem was set by Estonia and got short- 
listed for the 47-th IMO: 


aath_blboks 


Example 6.9. (IMO 2006 shortlist) For all positive integers n, show that 
there exists a positive integer m such that n divides 2” + m. 


Solution. We will prove by induction on d > 1 that, for every positive 
integer N, there exist positive integers bo, b1,...,bg_1 such that, for each i = 
0,1,2,...,d—1 we have b; > N and 


2i +b;=i (mod d). 


Notice that this yields the claim of our question by taking m = bo. 

The base case d = 1 is trivial. For the induction step, take an a > 1 and 
assume that the statement holds for all d < a. Note that as i ranges over N, 
the remainders of 2 modulo a repeat periodically starting with some exponent 
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M. Let k be the length of the period; this means that 2@+* = 2M (mod a) 
holds only for those k’ which are multiples of k. Note further that the period 
cannot contain all the a remainders, since 0 is either missing or it is the only 
number in the period. Thus k < a. 

Let d = gcd(a, k) and let a’ = a/d, k' = k/d. Since 0 < k < a, we also 
have 0 < d < a. By the induction hypothesis, there exist positive integers 
bo, b1,...,bg—1 such that b; > max{2”, N} and 


2% +6;=%i (mod d), i=0,1,2,...,d—1. (1) 
For each i = 0,1,...,d — 1 consider the sequence 
2bi t bi, 2bitk + (bi + By. oc , HDK 4 (bi dat 1)k). (2) 


Modulo a, these numbers are congruent to 


DP + bi, 2 + (bi + k), E., 2% + (bi + (a' — Dk), 


m: @math 


respectively. The d sequences contain a'd = a numbers altogether. We will 
now prove that no two of these numbers are congruent modulo a. 
Suppose that 


2 + (bi + mk) = 2°) + (b; + nk) (mod a), (3) 


for some values of i, 7 € {0,1,...,d—1} and m,n € {0,1,...,a’ —1}. Since d 
is a divisor of a, we also have 


2° + (bi + mk) = 20 + (b; + nk) (mod d). 


Since d is a divisor of k, using (1), we obtain that i = j (mod d). As i,j € 
{0,1,...,d — 1}, this simply means that i = j. Substituting this into (3) 
yields mk = nk (mod a). Therefore mk’ = nk’ (mod a); and since a’ and k’ 
are coprime, we get m =n (mod a’). Hence also m = n. 

It follows that the a numbers that make up the d sequences in (2) satisfy all 
the requirements. They are certainly all greater than N because we chose each 
bi > max{2™”, N}. So the statement holds for a, completing the induction. 
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Example 6.10. (TOT 2009) Denote by [n]! the product 


1-11-...-11...1 
— 


n ones 


Prove that [n + m]! is divisible by [n]! - [m]!. 


(n factors in total). 


Solution. Define f(n) =11...1 and f(0) = 1, so that [0]! = 1. Also define 


n ones 


k aoe 


We use induction on n to prove that 


0 
0 
Assume now that the result holds for some n > 0. Then, for n+1, we have 
n+l] h+ 
k | [k]\[n+1—k]! 
— [n]!f(n +1) 
— [k]![n +1 — k]! 


e [n]! f(n +1 — k) -10% În]! f(k) 
— [klin k]! f(n+1-k) [k-1]![n+1-— k]! 


sieke 


Both of the above terms are integers, so our induction is complete. This shows 
in particular that for any non-negative integers m and n one has that 


marl- a 


is a positive integer, hence [m + n]! is divisible by [m]![n]!, as required. 


forO<k<n. 


E is always a positive integer for 
all n > 1. For n = 0 we have 


II 
a) math book 
S= 
= 
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Example 6.11. Let a and b be positive integers such that a — b > 1. Prove 
that there exist infinitely many positive integers n for which 


n? | (a — b”). 


Solution. We will prove the result by explicitly constructing a sequence 
(nk)k>1 Which consists of infinitely many positive integers satisfying the re- 
quired property: 

We let nı = 1, and for k > 1 we set 


ark — prk 
Nk+1 = n; 
We prove by induction on k > 1 that ng € N and nz | (a”* — b”r). 
The result is clear when k = 1, as nı = 1 and 1 | (a — b). 
For the induction step, assume that the result holds for some k > 1 and we 
prove that it also holds for k + 1. 
By the induction hypothesis nz | (a™*— b*), so 


@mat 


Melegram 


ane — b”r 


Nk = N and ng | x41. 


Nk 
Let Nnk+1 = Nk : Mk, Where Mmk E Zyo. Then 


qrkti — prkti — gteMk _ prk'™Mk 


= (a* — BX) (a TE] 4 (ayman 4 (br) 
= ngrpgs((a™) MO? — (BPH )M*E 4 (qe) me? 
— (BPE) ™2)BM t... + may (b) 1) 
= npngsi((a™ — br )e + m,(b™)™—1) 
= nenesi(Menp pc + me (B"*)™—") = nh, d, 


where c and d are integers. Hence, it follows that 


2 Nk+1 _ pMk+1 
Ngy | GPS — Briti, 
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This completes our induction. 
Finally, we show that the sequence (ny) is increasing. Note that 


ate —b% — (a—b) (a1 + a2 +... + OMI) 


Nk+1 = n ny 
T 2(37r-1 4 32 +... +1) 
Z ni 
2 —1+...4+1 
k 


where we have used that 3° < 3! <... < 3%! and that 3°"! > n, for n > 1. 
Therefore, nx41 > Nx, which completes the solution. 


Example 6.12. (AMM) Let d, k,q be positive integers with k odd. Find the 
24k 
power of 2 in the factorization of 5 ni. 
n=1 ʻi 
Solution. We prove that if q is even or q = 1, then the answer is d — 1, and 
otherwise the answer is 2(d — 1). We=will do this by induction on d. When 
q = 1, the result follows immediately by direct computation. Also, if d = 1, 
then one can see that the total sum is odd, showing that the exponent must 
be 0. These are the base cases for our proof by induction. 
Assume now that d > 1. We can rewrite the given sum as 


(21k). — (297 1k) 4 + To PORY: 
j=1 


If q is even, we take the sum modulo 2¢ and we find that 


24k 2d-1k 
So nt =2 > n! (mod 2%), 
n=1 n=1 
2d-1k 
From the induction hypothesis, we know that 5 nf = 202 (mod 247), so 
n=1 
2¢k 


5 ni sot" (mod 29), 
n=1 


104 Chapter 6. Number Theory 


as we wanted. 
If q > 3 is odd, we have by the binomial theorem that 


nf + (21k — n) = 2%gkn7* (mod 274-4), 


atk 2d-lk 
so 5y ni = 24k 5y nT! (mod 274-1). Since q—1 > 2 is even, we can make 


n=1 n=1 
use of the result we established above to conclude that 


24-1 k 
5 nit = 202 (mod 2%1), 
n=1 


so 
24k 


5 ni = 24- (mod eee 
n=1 


completing our proof. 


6.1.3 Representations 


egram: @ math_bookY 


Another very popular category of problems from Induction in Number 
Theory are the questions where we are asked to prove that a number or a 
sequence of numbers can be represented in a certain form. We illustrate this 
theme below, starting with the following, slightly easier example: 


Example 6.13. Prove that any number between 1 and n! can be written as 
a sum of at most n distinct divisors of n!. 


Solution. We proceed by induction on n. For n = 3, the claim is true. 

Assume that the hypothesis holds for n — 1. Let 1 < k < n! and let k ,q 
be the quotient and the remainder when k is divided by n. Hence k = knt+q, 
O<q<nand0<k <E<@=(n-1)}. 

From the inductive hypothesis, there are integers d < dy a oS d, 
s < n— 1 such that d; | (n—1)!,i=1,2,...,8 and k = di +d} +... + dz. 
Hence k = nd, + nda +... + nd, +q. 

Now, if q = 0, then k = dı + d2 + ... + ds, where di = nd,, $= 12 EN 
are distinct divisors of n!. 
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If q # 0, then k = dı + d2 + ... + ds+1, where dj = nd;, kE 8, 
and ds41 = q. It is clear that d; | n!, for i = 1,2,...,s and ds4ı | nl, 
since q < n. On the other hand, ds41 < dı < do < ... < ds, because 
ds+1 =Q<n< nd, = dı. Therefore k can be written as a sum of at most n 
distinct divisors of n!, as claimed. 


Example 6.14. A sequence cj,c2,... is called perfect if every natural number 
m with 1 < m < c1 + c2 +... + Cn can be represented as 


where a1, @2,...,@, are natural numbers. Find the maximum possible value 
of cn for a perfect sequence. 


Solution. Let 61,b2,...,b, be a: permutation in increasing order of 
C1,C2,...,C€n. We know from hypothesis that bk + bk+1 +... + bn can be 
represented as 


= a 
= b 
bk + Data +. Btn = Do — 
5 i= % 
We cannot have ay = @g41 =... = An = 1. So let j > k be the largest possible 


number such that a; > 2. We deduce that 


b; 
be + begs +.. HOn Sbi tba +... + bj- +o + bj +. + bn, 
hence bj < 2(b1 + b2 +...+ bg-1). We get the relation 
bk < 2(by + bo +... + bpk-1). 


However, bı < 2, as otherwise bı + b2 +...+ bn — 1 could not be represented 
as hy bt... + bn, Thus 


bg < 2b; < 4, b3 < 2(bo + b1) = 12,... 


We prove by induction that by < 4-3*-?, for k > 2. The base case is true 
from above. 
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The induction step follows from the fact that 
by < 2(br + bo +... +bp-1) = 2(2 +4... +4- 3573) = 4. 3-2, 
Thus cy, < bp < 4-3*-?. It remains to prove that the sequence defined by 
Cc, = 2, ch = 4- 3872 for k>1 


is perfect. 
We prove by induction on k that ifm < c1 +co+...+c, = 2-3*-1, then we 
m 


can write m as 3 = The base is clear, so we want to prove the statement for 
i=1 “t 

k+1, assuming it for k. If m = 1, we put a; = 2-3"). If 1 < m < 2-3571 +1, 

then we can put ap = ck and use the induction hypothesis with k numbers for 

m1. If 2-3" 141 <m < 4.347! then we set a, = 2 and use the induction 

hypothesis for m — 2-3*-!. If 4- 3k < m then we set a, = 1 and use the 

induction hypothesis for m — 4-3*-}, 


ath 


:@m 


Example 6.15. Prove that every positive rational number r can be written 
as 2 
1 1 1 
PS e 
q 42 dm 
where q1,q2,.-.,qm are distinct integers. Moreover, if r < 1, then we may 
assume q1 | q2, q2 | 93, --- Im—1 | gm- 


Solution. We begin by proving the second assertion (for r < 1). Let r = Ë in 
lowest terms. We prove the statement by induction on p, with the base case 
p = 1 being clear. 

For p > 1, we have by the way we defined r that p fq. Let k = 1 + [2]. so 


0< kp—q< p< q. Then by induction hypothesis, k (2 — i) = te-a can be 
represented as a + = Passt A with qilqi+1. Then 
p_1 kp—-q_ 1 1 1 1 


-=> =- +— + — +... +—, 


q k` kq k kq kq kam 


and this is the desired representation. 
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For the general part, as the sequence 


1 1 
S(n) =1+=4+...+— 
n 


2 
is divergent, we can find an n such that 
ipla ME oie phg : 
Ra E PaE nT 
Therefore, if we let 
EEE E ase 
cs es 


1 
we have0<s< a By applying the result we established in the first part 
for (n + 1)s, we find distinct q1, q2,- . -qm such that 


121 1 
(n+1)s=—+H—+...+—. 
qı 2 492 dm 
Hence F 
E E re + +a 
z 2 3 ` n n+l — (n+1)am' 


Clearly all fractions are different. This completes our proof. 


Example 6.16. Show that every positive rational number can be written as 
a quotient of products of factorials of (not necessarily distinct) primes, and 
the representation is unique up to rearranging and cancelling common factors. 


Solution. Given a positive rational number r, we can prove both the existence 
and uniqueness parts by induction on the largest prime p with the property 
Vp(r) £ 0. 

The base case is r = 2¥ for some integer k € Z, in which case r = (2!)*. 

For the induction step, if p > 2 and k = »,(r), then 7p; is a rational 
number all whose prime divisors are less than p and hence by induction it can 
be written in the required format. This proves the existence. 

sS 


For the uniqueness, suppose r = [[ (o) for some primes pı < p2 < 
j=1 
-++ < ps and non-zero integers kj. Then we see that vp, (r) = ks # 0. Hence 
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s—1 
Ps = p and ks = vp(r) and by induction Il (p) is the unique representation 
j=l 
r 
for ; 
(p!)* 


Example 6.17. (Moscow 2014) Prove that for all positive integers n, there 
exists a positive integer kp such that the decimal expansion of k? starts with 
n digits of 1 and ends with a block of length n which consists only of the digits 
1 and 2. 


Solution. We first prove by induction on n that there exists an integer Mn 
whose decimal expansion ends with 1 and the decimal expansion of m? ends 
with a block of length n consisting only of 1’s and 2’s. For the base case n = 1, 
simply take m; = 1. 

Assume now that the result holds<for some n > 1 and Mn is the desired 
number. Define pg = Mn +a- 10", for some 1 < a < 9 to be chosen later. 
Notice that the last digit of pa is also 4. We have 


Sm: 


p? = m2 + 2am m10” + aloe. 
The number m2 ends with a block Fai n consisting of 1’s and 2’s, the 
number 2am,,10” ends with n zeros and a?102" ends with 2n zeros. Let the 
(n+1)-st digit (from right to left) of m2 be b. Since mn ends with 1, the (n+1)- 
st digit of 2a- 10” is 2a (mod 10). Therefore, the (n+1)-st digit of p2 is b+2a 
(mod 10). If b is odd, we take a such that b+ 2a = 1 (mod 10). Otherwise, 
we take a such that b+ 2a = 2 (mod 10). We complete the induction step by 
taking Mn+41 = Pa- 
Now set 

Gilles and dn = cn +10%. 


—— 
n 


We have 
104” 104” 


— Cn 
Vän — Ven = VEN ea ae 


Therefore, in the interval (,/cn, vdn) there exists an integer un and its square 
will start with n digits of 1. We now take l larger than the number of digits 
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of 2unMn and m2 and we consider the number kn = Un : 10! + mn. One can 
see that k2 satisfies the required conditions of the problem. 


Example 6.18. (St. Petersburg) Prove that for any n > 1, the number n! 
has the following property: to any divisor of n!, except n!, we can add another 
divisor of n! so that the sum is again a divisor of n!. 


Solution. We proceed by induction on n. The base cases n = 1 and n = 2 
are immediate. 

Let us now perform the induction step from n ton+1. If k | (n+1)!, then 
we write k = ab, where a | n! and b | n+ 1. If a Æ nl, then by the induction 
hypothesis, there is d with d | n! and (a+d) | n!. Then bd and k+bd = (a+d)b 
are divisors of (n + 1)!. 

Ifa = n!, then b Æ n +1. Ifn+1 is composite, then n + 1 = bc for some 
b,c and we can write k also as k = (n + 1)a’ where a! = 2! and for such a 
representation, the above proof works: 

Finally, if n+ 1 is prime, then we must have b= 1 and k = n!. But then 


n+ (n= 1)! =ğn+ 1); (n-1)!. 


@n 


I 


oD 


Tele 


This completes our proof. 


Example 6.19. (IMO 1998) For any positive integer n, let T(n) denote the 
number of its positive divisors (including 1 and itself). Determine all positive 
T(n?) _ 
T(n) es 


integers m for which there exists a positive integer n such that 


Solution. If n = pi p? ... pg" then T(n) = (a1 + 1)(a2 +1)... (ap +1). Thus, 
the problem asks what integers n can be represented as 
(2a; + 1)(2a2 + 2)... (2ax + 1) 
(a1 + 1)(ag + 1) ae (ak + 1) 
for positive integers a1, a2,...,Qp. 

Firstly, as (2a; + 1)(2ag +1)... (2a, +1) is odd, any such n has to be odd. 
Now let us prove by strong induction on n that every odd n can be represented 
in such a way. The induction step would be done if we found an m, m < n 
such that 


’ 


rm (2x1 + 1)(2x2 +1)... (22k + 1) 


m (z1 + 1)(z2 +1)... (£k +1) 


7 
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because then we could apply the induction hypothesis to m. Now if we choose 
Li41 = 22;, we get 


(2x1 + 1)(2a2 + 1)... (2£k + 1) _ 2+1 ay +1 
(ay + 1)(2£1 + 1)(2£2 + 1)... (2£z-1 +1) ztı+1 °° 241° 


Thus if we can find an odd m < n such that Z = t+1_ for some k € N, the 


2kt+1 
induction step is finished. Now as m should be odd we must have t = 2s, so 
it suffices to have Piss” € N for some s,k € N. So n must have a divisor 


ktis 


2 
TEFL, ae: As 


of form 


(2**15 +1,28 + 1)|2*(28 + 1) — (25t1s 41) = 2* -1, 


—1(2m +1) — m — 1 then 


Ks 
w 
II 
N 


if we set 2s + 1 = (2m + 1)(2F — 1) o 


2k+ls + 1 E ok+1, 


k 


sos =e 
j= 
am: @ ith_boo: 


This is the desired breakthrough, E if we write n+ 1 = 2*(2m+1) then 
2*(2m + 1) — 1 = n and because of our reasoning above we can perform the 
induction step. Explicitly, 


o 4s+18s+1 tls 4] 
~ 2s+14s+1 ` 2ks+1 


(2m + 1), 


where s = 2*-1(2m+1)—m-—1 for m, k such that n+1 = 2"(2m+1). Thus 
applying the induction hypothesis for 2m + 1 we get the claim. 
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6.2 Proposed Problems 


Problem 6.1. Show that for any positive integer n, 3” divides 11... 11. 
eS 


3” ones 


Problem 6.2. Prove that for any two positive integers a and m , the sequence 


is eventually constant modulo m. 


Problem 6.3. (Poland 1998) Let z, y be real numbers such that the numbers 
r+y, c7+y’, £? +y’, and x++~y% are all integers. Prove that for all positive 
integers n, the number z” + y” is an integer. 


Problem 6.4. (Ibero American 2012) Let a,b,c,d be integers such that 
the number a — b + c — d is odd and it divides the number a? — b? + c? — d?. 
Show that for every positive integer Ns a—b+c-—d divides a” — b” +c" — d”. 


Problem 6.5. (AoPS) Let m and n be positive integers with gcd(m,n) = 1. 
Compute £ 
ged(5™ +7, 5" +7”). 


Problem 6.6. Let n be a non-negative integer. Prove that the numbers 
0,1,2,...,n can be rearranged into a sequence ag, 1, ...,@n such that a; + i 
is a perfect square for allO <i<n. 


Problem 6.7. We call a positive n triangular if it can be written as 


ala+1 
„= a40 
for some positive integer a. Show that 11...lọ is triangular, where the sub- 
script denotes the fact that 11...1 is written in base 9. 


Problem 6.8. Let a,b, m be positive integers such that ged(b, m) = 1. Prove 
that the set {a” + bn : n = 1,2,...,m?} contains a complete set of residues 
modulo m. 
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Problem 6.9. (K6mal) Let a and n be two positive integers such that a” — 1 
is divisible by n. Prove that the numbers a+1, a? +2, ..., a” +n are distinct - 
modulo n. 
Problem 6.10. Let f : R — R be given by f(x) = ax? + bx +c, where a,b,c 
are positive integers. Let n be some given positive integer. Prove that for 
any positive integer m, there exist n consecutive integers a1, Q2,...,Qn, such 
that each of the numbers f(a1), f(a2),..., f(@n) has at least m distinct prime 
factors. 
Problem 6.11. (Iran 2005) Find all f : N* — N* such that for every 
m,n E€ N*, 

f(m) + f(r) |m-+n. 
Problem 6.12. (Kvant M2252) Prove that 


143°45°4...4(2"— 1)" 2” (mod 241), for n>2. 


Problem 6.13. (GMA 2013) Prové that for any positive integer n and any 
prime p, the sum g 


is divisible by ptr=t!, 
Problem 6.14. (Bulgaria 1996) Let k > 3 be an integer. Show that there 
exist odd positive integers x and y with 2° = 7x? + y?. 


Problem 6.15. (USAMO 1998) Prove that for each n > 2, there is a set S 
of n integers such that (a — b)? divides ab for every distinct a,b € S. 


Problem 6.16. (Brazil 2011) Prove that there exist positive integers a, < 
ag < ... < ago11 such that for all 1 < i < j < 2011 we have gcd(aj,a;) = 
aj — Qj. 

Problem 6.17. (Bulgaria TST) Let a,m > 2 and let ord, = k (i.e. af =1 
(mod m) and aê #1 (mod m) for any 0 < s < k). Prove that if t is an odd 
number such that every prime that divides t also divides m and gcd (t, z) = 
1, then ordy = kt. 
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Problem 6.18. (China TST) Prove that for all positive integers m,n there 
exists an integer k such that 2* — m has at least n distinct prime divisors. 


Problem 6.19. (Serbia) Prove that for all positive integers m there exists a 
positive integer k > 2 such that 3* — 2* — k is divisible by m. 


Problem 6.20. Let k be a positive integer. Prove that for all non-negative 
integers m there exists a positive integer n with at least m prime factors (not 
necessarily distinct) such that gkn® 4 3kn” is divisible by nè. 


Problem 6.21. Prove that for all positive integers k there exists an integer 
n which has exactly k prime divisors and n3 | (2”” + 1). 


Problem 6.22. (Polish Training Camp) Let k be a positive integer. The 
sequence (an)n>1 is given by 


> dag =k", foral n>1. 
d|n E 


@math_book 


egram 


Prove that every term of the sequence. is an integer. 


Problem 6.23. Prove that there is a permutation (a1,@2,...,@n) of 
(1, 2,3,...,7) such that none of the numbers a1, a1+a2,...,@1+@2+...+Gn_1 
is a perfect square. 


Problem 6.24. Prove that any integer can be represented in infinitely many 
ways as +17 + 2? + 3? + ... + t?, for a convenient t and a suitable choice of 
the signs + and —. 


Problem 6.25. (Romania TST 2013) Find all positive integers n that can 
be written as 
(a? + ay — 1)(a3 + ag —1)--- (a2 + apg — 1) 


n= OZF b — 1) bz — 1). +1)’ 


for some positive integers a;, b; € N* and some k € N*. 
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Problem 6.26. (USA TST 2006) Let n be a positive integer. Find, with 
proof, the least positive integer d, which cannot be expressed in the form 


n 


Sy", 


i=1 
where a; and b; are non-negative integers for each i. 


Problem 6.27. (USAMO 2003) Prove that for every positive integer n 
there exists an n-digit number divisible by 5”, all of whose digits are odd. 


Problem 6.28. (IMO 2004) We call a positive integer alternating if every 
two consecutive digits in its decimal representation are of different parity. Find 
all positive integers n such that n has a multiple which is alternating. 


Problem 6.29. (IMO shortlist 2000) Does there exist a positive integer n 
such that n has exactly 2000 prime diyisors and n divides 2” + 1? 


Problem 6.30. (IMO shortlist 2002) Let p1, p2,---;Pn be distinct primes 
greater than 3. Show that 2P1P?" Pn +J has at least 4” divisors. 

£ Ge 
Problem 6.31. (IMO 1988) Show that if a,b and q = reas) 


are non- 
negative integers, then q = gcd(a, b)?. 
Problem 6.32. (IMO 1999 shortlist) Prove that there exist two strictly 


increasing sequences (an) and (bn) such that an(apn +1) divides b2 +1 for every 
natural n. 


Problem 6.33. Prove that for any two positive integers n and m, we have 
gcd (Fn, Fm) ET Fgcd(n,m)- 


Problem 6.34. Let n be a positive integer which is not divisible by 3. Show 
that 23+y> = z” has at least one solution (x, y, z) with z, y, z positive integers. 


Problem 6.35. Let n be a positive integer. What is the largest number of 
elements that one can choose from the set A = {1,2,...,2n} such that the 
sum any two chosen numbers is composite? 
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Problem 6.36. (Bulgaria 1999) Find the number of positive integers n, 
4 < n < 2% — 1, whose binary representations do not contain three equal 
consecutive digits. 


Problem 6.37. Prove that every positive integer is a sum of one or more 
numbers of the form 273°, where r and s are non-negative integers and no 
summand divides another (for example, 23 = 9 + 8 + 6). 


Problem 6.38. Let p > 3 be a prime and let a1, a2,...,ap-2 be a sequence 
of positive integers such that p does not divide either a, or ak — 1 for all 
k =1,2,...,p—2. Prove that the product of some elements of the sequence 
is congruent to 2 modulo p. 


Problem 6.39. Let n be a positive integer. Prove that the number of ordered 
pairs (a,b) of relatively prime positive divisors of n is equal to the number of 
divisors of n?. 


ath_bc 


1 


Problem 6.40. Prove that for each integer n > 3, there are n pairwise distinct 
positive integers such that each of them divides the sum of the remaining n—1. 


Problem 6.41. (USAMO 2008) Show that for all positive integers n we 
can find distinct positive integers a1, a2, . . . an such that a ,-a2---an—1 is the 
product of two consecutive integers. 


Problem 6.42. We begin with a triple (a,b,c) of positive reals a,b,c, such 
that a < b < c. Starting with the given triple, at each step, we perform the 
transformation 

(x,y,z) > (lx a yl, ly E žl; |z J z|). 


Prove that we can eventually reach a 0 in one of the triples if and only if there 
exist positive integers n > k > 0 such that and 


nb = ka + (n — kjc. 


Problem 6.43. (Poland 2000) A sequence pı, p2,... of prime numbers sat- 
isfies the following condition: for n > 3, pn is the greatest prime divisor of 
Pn—1 + Pn—2 + 2000. Prove that the sequence is bounded. 
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Problem 6.44. Prove that for all positive integers m, there exists an integer 
n such that ¢(n) = ml. 


Problem 6.45. (Bulgaria 2012) Let p be an odd prime and let a1,..., @2p—1 
be distinct integers lying in the interval [1, p°] such that their sum is divisible 
by p. Prove that there exist positive integers b1,...,b2p-1 none of which is 
divisible by p, such that their representation in base p contains only 1 and 0 


2p—1 
and such that 5 a,b; is divisible by p?0!. 
j= 


Problem 6.46. (Poland 2010) Prove that there exists a set A consisting of 
2010 positive integers such that for any nonempty subset B C A, the sum of 
the elements in B is a perfect power greater than 1. 


Problem 6.47. (AMM) For a positive integer m, we let o(m) be the sum 


o(m) = So a. 
sl<d<m 
5 alm 


Prove that for every integer t > 1 there exists an m such that 


@m 


1 


m < olm) <o(afm)) <... < (m), 


where of =go000...00. 
— ee” 


k terms 


Problem 6.48. (Moscow 2013) For a positive integer m, we denote by S(m) 
the sum of digits of m. Prove that for any positive integer n, there exists an 
integer k such that 


S(k)=n, S(k?)=n?, S(kè)= nè. 
Problem 6.49. Establish whether there exist positive integers aj < a2 < 
... < an <... Such that every number in the sequence 

a, a? +a3,...,a? taat.. a,.n. 
is the square of a positive integer. 


Problem 6.50. For which pairs (a,b) of positive integers do there exist only 
finitely many positive integers n such that n? | a” +b”? 


Chapter 7 


Combinatorics 


7.1 Theory and Examples 


Combinatorics is among the most ‘popular topics when it comes to math- 
ematical contests. Hence, it is no surprise that lots of the olympiad problems 
that are solved using induction are combinatorics questions. To illustrate bet- 
ter some of the major themes that océur i in combinatorics and use induction, 
we divided this chapter into three separate sections: Partitions and configu- 
rations, Graph Theory and Combinatorial Geometry. 


7.1.1 Partitions and Configurations 


Let us recall some of the basic definitions that occur when we look at 
partitions of objects: 


A permutation of order n is a bijective function from the set {1,2,...,n} 
onto itself. The number of permutations of order n is n!. 
A combination of order n over k is a k-element subset of {1,2,...,n}. 


For 0 < k < n, the number of such combinations is given by the formula 


(Jea 


Let us prove by induction the following well-known theorem, known as the 
Pigeonhole Principle: 
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Example 7.1. (Pigeonhole Principle) Let n and k be positive integers. 
If a set of nk + 1 different elements is partitioned into n mutually disjoint 
subsets, then there is at least one set which contains at least k + 1 elements. 


Solution. We will prove this by induction on n > 1. For the base case n = 1, 
everything is clear, as we only have one set containing k + 1 elements. 

Assume now that the result holds for some n > 1, and consider (n+1)k+1 
elements which are distributed among n+ 1 mutually disjoint subsets. Let us 
call these subsets A1, Ag,...,An+1. If Anyi contains at least k + 1 elements, 
then we are done. Otherwise, there are at most k elements in An+1, so the 
subsets Aj, Ag,...,An contain at least (n+ 1)k + 1 — k = nk + 1 elements. 
By the induction hypothesis, at least one of A1, A2,..., An must contain k+1 
elements, so we are done. 


Remark. There is also an alternative direct proof of the above theorem, 
which uses only proof by contradiction. 

Another theorem which is among: first results one learns while studying 
partitions of sets is the following: 


ram: @ 


Example 7.2. (The Inclusion-Exclusion Principle) If Aj, Ao,..., An are 
some sets, then ` 


n 
|4 UA2U...U A= Ð lAl- Y JANA... 
i=1 1<i<j<n 


+(—1)*-1 5y [An NAN.. N Ail +.. HITAN... N Anl. 
1<Kii<iz<...<ik IN 


Solution. Let P(n) be the statement: “For any sets A; . . . An, we have 


|4 U- U An| = X Mil- $5 AN Alt JAN ANN An. 
i i<j 


P(1) is trivially true. P(2) is also true, since 
|Ay U Ag| = |A| + |Ae| — |A1 N Aol, 


by basic properties of sets. 
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Assume now that the result holds for all positive integers less than or equal 
to some n > 2. Now given A,...An4i, let Bi = Ai N Anyi for 1 <i<n. 
Observe that Bi N Bj = Ai N Aj N An+i- Likewise, B; N Bj N Bk = Ai N Aj N 
Ak N An+1. By the induction hypothesis applied for 2 and n sets, respectively, 
we have 


|Ay U Ag U... U Angi] = |41 U... U An| + |An+1] — (A1 U... U An) N Anl 
= |41 U... U Án] + |Angi| — |B1 U... U Bhl 
=Ď |All- $ [Ai Aj] +... + lAn] 
i<n i<jxn 
-SIBI+ $ BABI... (1) 


i<n i<j<n 


Notice that se |B;| = 5 | Ai N An+i|-2Hence 


t<n i<n 


Y Ai Nn Ajl + 5 IB: 


i<j<n i<n 


books 


i<j<ntl 


egram: D ath_| 
I 


and similarly for higher order itersedtioni, 
Substituting this back into (1), we obtain that 


|41 U A20- U Anl = X lAl- SO IAIN Aj] +... 
i<n+1 i<j<n+l1 


which shows that P(n + 1) holds. This completes the induction step and the 
proof of the result. 

A common theme in Combinatorics is that each problem comes with its 
own universe. Therefore, the best method through which one can master the 
subject is to simply see lots of different problems with various ideas behind 
them. In the following, we will present a series of such examples, of different 
levels of difficulty: 


Example 7.3. (St. Petersburg) We have a 100 x 100 grid of points in 
the plane. We can draw lines that cover all the points in the grid, except 


the bottom left point. What is the minimum number of such lines that are 
needed? 
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Solution. The answer is 198. We can take 99 vertical lines and 99 horizontal 
ones, covering all rows and columns not containing the bottom left point. 

We prove more generally that for an m x n grid we need m+ n — 2 lines. 
We do this by induction as follows: 

The base case is when m or n is 1, and in this case we have n — 1 collinear 
points to cover, but we are not allowed to draw a line containing any two of 
them, since it will contain the forbidden point. So the minimum is n — 1. 

Now if m > 1 and n > 1, assume that the result is true for all grids 
smaller than m x n. Consider the border of non-forbidden points. There are 
2m + 2n — 5 points on it. If some line contains one full side of this border, 
then the result is easy by induction, removing that line (side) (i.e. m > m—1 
or n — n — 1). Otherwise, any line intersects at most 2 points on this border, 
so we must have at least |2+2"=5| +1 = m-+n-—2 lines. This completes our 
proof. S 


book 


| 
Example 7.4. Let n be an integer gteater than 1. Find the least number of 
rooks such that no matter how we place them on an n x n chessboard, there 
will be two rooks that do not attack each other, but at the same time they 
will be under attack by a third rook. ° 


ele 


Solution. We show that the least number of rooks is 2n — 1. We label the 
squares of the n x n chess board so that the bottom left one is aj, and the 
top right one is an,n. First notice that by placing the rooks on a12, a1,3,..., 
Aln, 42,1, 43,1,--+, An,1, we see that 2n — 2 rooks are not sufficient. 

We will prove by induction on n that 2n— 1 rooks are sufficient. For n = 2, 
the result is clear. 

We now suppose that the result is true for n = k > 1. By placing the 2k+1 
rooks on the (k + 1) x (k +1) chessboard, there is at least one row containing 
one rook or no rooks. Otherwise, the total number of rooks is greater than 
or equal to 2k + 2, which is not true. Similarly there is at least one column 
containing one rook or no rooks. Select any such row and any such column 
and delete them from the (k + 1) x (k +1) chessboard. 

We combine the undeleted parts of the (k + 1) x (k + 1) chessboard to 
obtain a k x k chessboard which contains at least 2k — 1 rooks. Select any 
2k — 1 rooks. By the induction assumption, they are sufficient. It follows that 
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2k+1 rooks are sufficient for the (k +1) x (k+1) chessboard. This completes 
the solution. 


Example 7.5. On a circular route, there are n identical cars. Together they 
have enough gas for one car to make a complete tour. Prove that there is 
a car that can make a complete tour by taking gas from all the cars that it 
encounters. 


Solution. We will prove this by induction on n. It is clearly true for n = 1. 

Now assume for n and prove for n+ 1. Consider n + 1 cars. Clearly, one 
of them, say A, has enough gas to get to the next one, say B. 

Now consider a new configuration in which all cars are in the same position 
and have the same amount of gas, except B, which is removed, and A which 
is left in the same position, but it is also given the gas of B. 

By the induction hypothesis, theré exists a car which can do the complete 
tour. We claim that it can do the complete tour also in the configuration with 
n+ 1 cars. E 

Indeed, it will have the same amoùnt of gas in both configurations in all 
places except between A and B. But we have chosen A such that it has enough 
gas to reach B, so the car will not stop between A and B. This concludes the 
proof. 


l 


m 


Example 7.6. (TOT 2002) There is a large pile of cards. On each card, one 
of the numbers 1,2,...,n is written. It is known that the sum of all numbers 
of all the cards is equal to k-n! for some integer k. Prove that it is possible to 
arrange cards into k stacks so that the sum of numbers written on the cards 
in each stack is equal to n!. 


Solution. We begin by proving a little lemma: 


Lemma. From any set {a1,..., an} of n integers, one can choose a number 
or several numbers with their sum divisible by n. 


Proof. Let us assume that none of the numbers is divisible by n. Now consider 
the numbers bı = ai, b2 = a1 + a2,..., bn = ay +aQg4+...+an. If none of 
them is divisible by n, then at least two numbers b; and bı (k < 1) have the 
same remainders. Then their difference aj41 +... + a is divisible by n. 
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We now prove our questions using induction on n. If n = 1, then the only 
number is 1 and it is written on each card, hence every card forms the required 
group with sum 1! on its own. 

Assume now that we established the result for some n > 1, i.e. if the sum 
of the numbers on all cards is k - n!, then the cards could be arranged into k 
stacks with the sum of the numbers in each stack equal to n!. 


We call a supercard any group of cards with sum l- (n+ 1), 1 =1,...,n. 
We also call l a supercard value. Any card with the number n + 1 on it is a 
supercard of value 1. From the rest of the cards with numbers 1,...,n we 


form supercards as follows: we choose any n + 1 cards; then using the above 
lemma, we can choose several of them with the sum divisible by n + 1; these 
will form a supercard by definition. The algorithm stops when we are left with- 
less that n+ 1 cards. But now, the sum of the leftovers must also be divisible 
by n+1, since the total sum and the sum on each supercard are both divisible 
by n+1. This means that they form themselves a supercard, whose sum does 
not exceed n(n + 1). 

So we have a pile of Bott gs with values 1,...,n and the total sum of 
the values is equal to uaa kent, Now using ‘he induction hypothesis, we 
can split the supercars. o k stacks with the sum of the values in each being 
equal to n!. Hence the sum of the cards in each stack is n!- (n +1) = (n+ 1)!, 
as we wanted. 


» math 


Example 7.7. (St. Petersburg) Santa Claus has n > 2 different presents 
and several identical bags. Each bag contains exactly two objects: either two 
bags, or a bag and a present, or two presents. In particular, the big bag of 
presents Santa Claus has contains two objects. How many ways are there to 
split the presents into bags? 


Solution. We show by induction on n that the number of ways is 
(2n — 3)! :=1-3-5-...-(2n—3) 


and also that the number of needed bags is n — 1. 

For the induction step, assume that we have n+ 1 presents. 

The (n+1)-st present lies in some bag, together with either another bag or 
another present. If we remove the (n+1)-st present and the bag it lies in (only 
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the bag, not the content), then the remaining “setup” is a valid distribution of 
presents. Conversely, given a valid distribution of n presents, to obtain a valid 
distribution of n + 1 presents, it suffices to “add” (concatenate) the (n + 1)-st 
present to any of the existing objects (the object can be a bag or a present), 
and encompass both in a new bag. 

By induction, for n presents we use 2n — 1 objects: n presents and n — 1 
bags, so to add a new object we have 2n — 1 choices for the existing object. It 
is easy to see that different configurations for n presents (which can be done 
in (2n — 3)!! ways by the induction hypothesis), and different choices of the 
2n — 1 objects which we will concatenate the new object to - correspond to 
different configurations for n + 1 objects, so for n + 1 presents the answer is 
(2n — 1)!!. 


Example 7.8. Consider an m x n grid with all its entries being integers, 
where m > 1 and n > 1 are positive integers. We know that if the difference 
of two integers of the same row is greater than 1, then the same row contains 
a number which is bigger than one ofthe two numbers and smaller than the 
other one. Prove that there is an integer which appears in every row or in 
every column of the grid. a 


Solution. We begin by proving the following result: 


Lemma. Consider a finite sequence of integers such that, if the difference of 
two of its elements is greater than 1, then there is some integer greater than 
one of those numbers and smaller than the other one which is also an element 
of the sequence. Then any integer greater than one of those numbers and 
smaller than the other one is an element of the sequence. 


Proof. Let a > b be two integers of the sequence such that a — b > 1 and 
let c be such that b < c < a. We prove by induction on a — b that c is also a 
member of the sequence. 

The base case is a —b = 2, which follows immediately from the hypothesis. 

Assume now that the result holds when a — b = 2,3,...,k, k E Z, k > 2. 
We show that it also holds for a — b = k + 1. From hypothesis, there is a 
number c such that b < c < a. Then a— c < k and c—b < k, so from 
the induction hypothesis, all the numbers between b and c and all numbers 
between c and a are taken, establishing the result for k + 1. 
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Let us now proceed to the proof of the initial problem. First consider the 
set A consisting of the smallest number in each column. Now let k be the 
largest element of A. 

If k occurs in all columns, then the statement is proven. 

If k does not occur in some column, then we consider that column together 
with the column where k is written. Pick now any row. If k is not in that row, 
then according to the lemma and the choice of k, in one of the two common 
squares of that row and the considered two columns there is a number greater 
k and in the other there is a number smaller than k. Again, according to 
the lemma we obtain that k is written in the chosen row. It follows that the 
number k is written in every row, establishing the result. 


Example 7.9. Let S be a set with 2002 elements, and let N be an integer 
with 0 < N < 270. Prove that it is possible to color every subset of S either 
black or white so that the following conditions hold: 
a) the union of any two white subsets i is white; 
b) the union of any two black subsets i is black; 
c) there are exactly N white subsets. 


Solution. We replace 2002 by n and-prove the statement by induction on n. 
The base case is clear. 

Assume now that the result holds for all integers which are less than some 
n > 0 and we prove it for n. In order to do this, we add in the induction 
hypothesis the extra condition that the empty set is white (it cannot be done 
if N = 0, but this case is simple and we exclude it below). 

If [z=] = k, then 1 < k < 2”. If S = {1,2,...,n} then we may partition 
the power set of {1,2,...,n—1} in black and white subsets as in the condition 
such that there are k white subsets S1,So,...,S,. For n = 2k, we can take 
the subsets $1, S1 U {n}, S2, S2.U {n},..., Sk, Sk U {n} to be white and the rest 
black. This coloring satisfies the condition of the problem: If S; US; = Sk 
then (6; U {n}) U (S$; U {n}) = Sk U {n} and analogously for the second cases. 
The union of two black subsets is black by the same principle. For n = 2k — 1, 
as the empty set is among S1, S2,..., Sp by the induction step, {n} is among 
S1, S,U{n}, S2, SxU{n},..., Sk, SkU {n}. Recoloring {n} black, the conditions 
of a) and b) still hold, as it is easy to see using the very same principle above. 
It it clear that in both cases the empty set is white. 
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Example 7.10. A set M consisting of unit squares from an n x n table is 
called convenient if each row and each column of the table contains at least 
two squares belonging to the set. For each n > 5 determine the maximum 
m €E Z for which there exists a convenient set M of m squares such that when 
we remove any square from M, the resulting set is not convenient. 


Solution. We begin by proving that m < 4n — 8. 

We call a cross the union of some row and some column of the n x n table 
such that both the row and the column contain at least 3 unit squares from 
the given convenient set M, and moreover, their intersection is a square in M 
(see the figure below). 


The upper bound on m now follows from the following: 


Claim. If some set M contains m > 4n — 7 squares of the n x n table, then 
there exists at least one cross in the table. 

We prove the claim by induction with respect to n. We first prove the 
claim when n = 5, 6,7: 

Consider one of the rows or the columns of the table which contains the 
maximum number k of squares from M among all the rows and columns. Note 
that k > 3. Let us assume without loss of generality that these k squares are 
at the very top of the leftmost column. 

Assume that any of the top k rows contains at most two squares from M, 
as otherwise the claim would be proved. Hence, the total number of squares 
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from M in the top k rows is at most 2k. The remaining n — k rows contain in 
total at most k(n — k) squares. It follows that 


4n-T7<m<2k+k(n—k), or k? —(n+2)k+4n—7<0. 
However, the discriminant of the left hand side is 
D = (n+ 2)? — 4(4n — 7) = (n—4)(n-—8) <0, for n=5,6,7. 


Thus, k? — (n+ 2)k + 4n — 7 > 0. This gives a contradiction. 

For the induction step, we prove that if the statement holds when n < k, 
k > 7, then it also holds when n = k + 3. 

Firstly, notice that there is a row containing at least 3 squares from the 
given set M (otherwise m < 2n). Similarly, there is a column containing at 
least 3 squares from M. Consider such a row and such a column. Without 
loss of generality, we can assume that this column is the leftmost one in the 
table and the squares from M belonging to it are all at the very top of the 
column. We make the corresponding: assumption for the row (see the figure 
below). E 


Consider one of the top 3 rows. If it contains at least 3 squares from M, 
then this row together with the leftmost column give us the needed cross. 
Hence we may assume that any of the three top rows, as well as any of the 
three rightmost columns contain at most 2 squares from M. Thus we have in 
total at most 12 squares from M in the shaded area. Now, since 


m > 4n — 7 = 4(k +3) -7 = 4k — 7 +12, 
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we conclude that the remaining k x k table contains at least 4k — 7 squares 
from M. Therefore, by the induction hypothesis, this k x k table contains a 
cross which is also a cross for the initial n x n table. This completes the proof 
of our claim. 

To complete the question we illustrate below the example when m = 4n—8. 


Telegram: @ math_books 
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7.1.2 Graph Theory 


A graph is an ordered pair G = (V, E), where V is the vertex set, whose 
elements are the vertices (or the nodes) of the graph and E is the edge set, 
whose elements are the connections between vertices (called edges) of the 
graph. The order of a graph is the number |V| of vertices in it. The size of 
a graph is the number of edges, |E|. The trivial graph is the one with |V| = 1 
and |E| = 0. For two graphs G = (V, E) and G’ = (V’, E’), we say that G” is 
a subgraph of G if V' C V and E’ C E. 

An undirected graph is a graph where all the edges are bidirectional. 
In contrast, a graph where the edges point in a direction is called a directed 
graph. For u,v € V, we write (u,v) to represent that the arc is oriented from 
x to y. When the graph is undirected, we usually write {u,v} for the edge 
between u and v instead. 

The notion of a graph can be adapted to allow additional features. For our 
purposes, it will suffice to consider only edges joining two distinct vertices and 
at most one edge joining each pair of Gertices. Such graphs are called simple 
graphs. z 

The degree of a node, denoted by deg(v) is the number of edges incident 
to it. 

For u,v € V, au—v walk is a sequence of vertices which starts at u, ends 
at v and two consecutive vertices in the sequence are connected by an edge 
from E (i.e. they are adjacent). The length of the walk is defined as the 
number of edges used in that walk. A trail is a u — v walk where no edge is 
repeated. A circuit is a trail for which u = v (the first and last vertex in the 
sequence are the same). A path is a u — v walk where no vertex is repeated 
and a cycle is a walk for which u = v but there is no further repetition of 
vertices. A Hamiltonian cycle is a cycle which uses each node of the graph 
exactly once and an Euler circuit is a circuit which uses every edge exactly 
once. We say that u,v € V are connected if there is a u — v path. A graph 
is connected if any pair u,v € V is connected. 

An undirected graph is called a tree if any two vertices are connected 
by exactly one path. Equivalently, a tree is an undirected graph which is 
connected and has no cycles. A forest is a disjoint union of trees. 

A complete graph is a graph where all pairs of vertices are connected by 


am. 
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an edge. A complete graph with |V| = n is denoted by Ky. 

A bipartite graph is a graph G = (V, E) whose vertex set V may be 
partitioned into two disjoint sets A and B such that every edge e € E has one 
endpoint in A and the other endpoint in B. The set A is often called the input 
set and B is called the output set. A perfect matching in a bipartite graph 
G is an injective map f : A > B such that for every x € A, there is an edge 
e € E with endpoints x and f(x). For any subset X C A, define N(X) t 
be the set of all vertices y € B that are endpoints of edges with one endpoint 
in X. 


Example 7.11. (Hall’s Matching Theorem). Let G = (V, E) be a bipar- 
tite graph with input set A and output set B. There exists a perfect matching 
f:A- B if and only if for every subset X C A we have 


Noj > > |X|. (1) 


Solution. We prove the result by induction on |A|. The base case is |A| = 1, 
for which the result is clear. 

Assume now that the result holds if |A| < n, some n > 1, and consider a 
bipartite graph G whose input set A has n + 1 elements. We distinguish two 
cases: 


Case 1. For every proper subset X C A, we have |N(X)| > |X|+1. Then 
we choose any x € A and y € N({z}) (notice that N({z}) has at least one 
element from the induction hypothesis). Let G* be the bipartite graph with 
input set A* = A\ {x}, output set B* = B\ {y}, and whose edges are the same 
as those of G, except for those incident to either x or y, which are deleted. 

Then the bipartite graph G* satisfies the condition (1) and by the induction 
hypothesis, there is a perfect matching in G*. This perfect matching extends 
to a perfect matching in the original graph G by setting f(z) = 


Case 2. There exists a proper subset X C A such that N(X) = |X|. Then for 
such a proper subset X, we construct bipartite graphs G* and G** with input 
sets A* = X and A* = A \ X, output sets B* = N(X), B* = B\ N(X) 
and edges inherited from the original graph G. We shall use the induction 
hypothesis to show that there is a perfect matching in each of G* and G**. 
Combining the two matchings, this would give a perfect matching for G. 
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Notice that neither A* nor A** has cardinality greater than n, since X = A* 
is a proper subset of A. Therefore it suffices to show that the condition (1) 
holds for both G* and G**. For the graph G* this is easy, since for any subset 
Y C X = A*, the corresponding set N(Y) is the same in G* and G. 

For the graph G**, if there was a subset Y C A** = A\ X whose corre- 
sponding set N**(Y) in G** had fewer than |Y| elements, then in the graph 
G, the set N(Y U X) would have at most |Y U X| — 1 elements, because 
N(Y UX) = N*(Y) U N(X). This is impossible, because the graph G satis- 
fies (1). Hence G** also satisfies (1), completing our proof. 

A planar graph is a graph G drawn in the plane in such a way that 
the edges do not meet except at common endpoints. The edges of a planar 
graph divide the plane up into regions which are called faces. One of the faces 
extends out to infinity and is called unbounded. The rest are bounded. 


n 
vi 


Example 7.12. (Euler’s Theorem?) In a connected planar graph with V 
vertices, F faces, and E edges 


ok 


math 


D 


V+F=E+2. 
Solution. We prove the result by inducting on the number E of edges. If the 
connected planar graph G has no edges, it is an isolated vertex and V+F-—E = 
1+1-—0= 2. This is the base case. 

For the induction step, assume that the result holds for all graphs with 
fewer than E edges. We will prove it holds for graphs with Æ edges. Choose 
any edge e. Either side of the edge e borders a face. If they are different 
faces, then following the remaining sides of either face gives a path between 
the endpoints of e. Thus we can remove e without disconnecting the graph. 
This will cause the two faces bordering e to merge. Thus removing e reduces 
E and F by one. Thus the result follows by the induction hypothesis. 

Suppose the two sides of e border the same face. Then we could draw 
a short segment crossing e and join its endpoints with a curve inside this 
face. This gives a simple closed curve that crosses e exactly once and crosses 
no other edge of G. Thus deleting e will split G into two components, one 
inside this curve and one outside. (There must be two components since one 
endpoint of e is inside the curve and the other is outside and there can be 
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at most two since each component must contain an endpoint of e.) Suppose 
these components have V; vertices, E; edges, and F; faces for i = 1,2. Since 
each has fewer than E edges, by the induction hypothesis V; — E; + F; = 2 for 
i = 1,2. Since no vertices were added or lost V = Vi + V2. Since only e was 
deleted, E = FE, +E2+ 1. Since the components have F; — 1 internal faces and 
one (shared) external face, F = Fı + F)—1. Thus adding the Euler’s formulas 
for the two components gives V — (E —- 1)+ (F +1) =4or V- E+F=2. 
This completes the induction step and the proof. 


Example 7.13. (Ramsey’s Theorem.) Let k > 2 be a positive integer 
and let n1, n2,..., Nk be any positive integers. Then there exists a number 
R(nı,..., nk) such that if the edges of a complete graph of order R(n1,..., nx) 
are colored with k different colors, then for some i = 1,...,k, the graph 
contains a complete subgraph of ordern; whose edges are all of color i. (The 
minimum possible R(nj,...,n%) is called the Ramsey number for n1,..., x). 


Solution. We first prove the result when k = 2, using induction on nı + ng. 
Notice that for any nı > 1, we have Rýn, 1) = R(1,n2) = 1, since a complete 
graph with only one node has no edges. This establishes the base case. 

For the induction step, we assume that both R(n —1, n2) and R(n1, n2—1) 
exist for some positive integers nı and ng, and we prove that R(n1, n2) exists. 
We shall prove the following: 


R(ni n2) < R(n — 1, n2) + R(n1, n2 — 1). 


To show the above inequality, consider a complete graph G on R(n; — 1, n2) + 
R(n, 2 — 1) vertices. Let v be a vertex of this graph and partition G \ {v} 
into two sets A and B such that for all w € G \ {v}, we have w € A if {v, w} 
has color 1 and w € B if {v, w} has color 2. 

Notice that G has |A| + |B| + 1 vertices, so either |A| > R(nı — 1,72), or 
|B| > R(nı, n2 — 1). Without loss of generality, assume that |A| > R(nı — 
1,n2). If A has a Kn, which is all of color 2, then so does G and we are done. 
Otherwise, A has a K,,,-1 which is of color 1, so AU {v} has a subgraph Kn, 
of color 1, by the way we defined A. This completes our induction for the case 
k=; 
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For the general case, we induct on the number k of colors. The base case 
k = 2 was proved above (notice also that the case k = 1 can be considered, 
but this is obvious). Assume now that k > 2 and that the result holds for all 
integers less than k. We prove that 


R(n, eS nk) < R(n, -e Nk—2; R(nk-1,nk)). 


Let G be a complete graph on R(n1,...,Nnk-2, R(Nnk—1, ng)) vertices whose 
edges are colored with k colors. The key step is the following trick: 

Assume for the moment that the colors k — 1 and k are the same, so G is 
now colored with only k — 1 colors. From the induction hypothesis, we know 
that either G has a subgraph Kn, all colored in 7 for some 1 <i < k — 2, or 
it has a subgraph Kp(m,_,n,) all colored in the color k — 1 (which is the same 
as k for now). In the former situation, our assumption on the colors k — 1 
and k was never used, so we are doneg In the latter situation, we remove our 
assumption on the colors k — 1 and k and by the way we defined R(nz_1, nk), 
we have that Kr(n,_,n,) contains either a Kn,_, of color k — 1, or a Kn, of 
color k. This completes our proof. 

A k-clique in a graph G is a set off k vertices such that any pair of them is 
connected by an edge. Equivalently, ak- clique is a subgraph which is a copy 
of the complete graph Ky, with k vertices. 


1:@m| 


Example 7.14. (Turan’s Theorem.) If G(V, E) is a graph on n vertices 
without a k-clique, then 

(k — 2)n? 

2(k—1) © 

Solution. We prove the result by induction on n. The base cases given by 
the small values for n are an immediate check. 

Let G be a graph on V = {1,...,n} vertices without k-cliques and which 
has the maximal number of edges. G definitely contains (k — 1)-cliques, since 
otherwise we could simply add an edge. So let A be a (k—1)-clique, B = V\ A, 
so that |B| =n —k+1. We know that A contains (*5') edges. We estimate 
the number eg of edges in B and the number e,z of edges between A and B. 
From the induction hypothesis, we have that 


(k—2)(n—k +1) 
2(k—1) 


|E| < 


eB S 
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As G has no k-clique, every vertex in B must be adjacent to at most k — 2 
vertices in A, from which we obtain that 


eaB < (k —2)(n-k +1). 


Adding the obtained inequalities, we obtain that 


= = Le 2 — 2)n2 


Remark. The upper bound given in the theorem can be achieved for a graph 
G with n = q(k—1) vertices where the vertices are divided into k—1 groups of 
size q and two vertices are joined by an edge if and only if they are in different 
groups. If n is not a multiple of k—1, then the bound above is not quite sharp. 
With a little more work on the base tases, one can show that for general n 
the graph with no k-clique and the maximum number of edges can be built as 
follows: divide the vertices into k — 1 groups of |z] or |g] +1 elements, 
then join two vertices by an edge if and only if they belong to different groups. 


Example 7.15. (St. Petersburg) is it possible to choose several points in 
space and connect some of them by line segments, such that each vertex is the 
endpoint of exactly 3 segments, and any closed path has length at least 30? 


Solution. Yes. In graph theoretic language, we show by induction that there 
exists a graph in which every vertex has degree precisely 3, and every cycle 
has length at least n. 

The base case n = 3 is straightforward -consider a tetrahedron. 

Assume now that the result holds for some n > 3 and consider such a 
graph for n. Assume it has m edges. Label the edges from 1 to m and for 
every edge k, write the number 2° near one of its endpoints. Let M be a large 
number, say M > n-2™. Replace each vertex by a group of M new vertices, 
labelled from 0 to M — 1. 

For every edge in the original graph, draw M edges in the new graph by the 
following rule: assume the edge is k and it joins vertices a and b, and that 2% 
is written near a. Let A and B be the groups of M new vertices corresponding 
to a and b. For every i = 0,..., M — 1 join the vertex i from A to the vertex 
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i+ 2* in B (indices are mod M). Note that the vertex i of group B will be 
connected to the vertex i — 2" of group A. 

It is clear that every vertex in the new graph is connected to exactly 3 
others (one in each group corresponding to the 3 edges in the initial graph). 
It remains to show that any cycle in the new graph has length at least n + 1. 
Assume the contrary, and let aja2...ag be a cycle of length £ < n. Consider 
the groups corresponding to these vertices. They give us a cycle b1 ... bg in the 
original graph (possibly self-intersecting). Note that this cycle cannot use the 
same edge twice in a row, as in the new graph the neighbours of any vertex 
belong to different groups. So we can extract a simple cycle from bı... bg. 
Since in the original graph every cycle has length > n, it follows that we must 
have £ = n and }, ... bg is itself a simple cycle. 

Now note that the number of a;+ı differs from the number of a; by +2 
(mod M), where k; is the number of the edge aja;,, in the original graph. 
Thus 


1_boc 


+2" +.. £28 = 0 (mod M), 


for some +’s. Since M > n-2™, it follows that the above expression on the 
left side must equal 0. Since all the g's are distinct, this is impossible. This 
completes our proof. 


Example 7.16. Prove that if a graph G with n vertices is a tree (connected 
and containing no cycles), then it has exactly n — 1 edges. 


Solution. The key observation is the following. Suppose we select a vertex 
a vertex of G and start to “walk” on the edges from that vertex, forming a 
trail v1, v2,.... The trail cannot self-intersect, as then we would have a cycle, 
so the graph would not be a tree. Thus the walk will eventually stop at some 
vertex of degree 1. 

We now prove the statement by induction on n. Things are clear for the 
base case n = 1. 

Now assume we have proved the result for trees with n > 1 vertices. Con- 
sider a tree with n + 1 vertices and using the remark above find a vertex of 
degree 1. We remove that vertex together with its adjacent edge. The remain- 
ing graph is a tree (it has no cycles and it is still connected as no path can go 
through the removed vertex) and has n vertices, so we can apply induction: 
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we have n — 1 edges in the graph with n vertices which, together with the 
removed edge, make n edges in the graph with n + 1 vertices. 


Example 7.17. Let G be a connected graph with an even number of vertices. 
Prove that you can select a subset of edges of G such that each vertex is 
incident to an odd number of selected edges. 


Solution. All connected graphs have a tree as a spanning subgraph, so it 
suffices to prove the problem for trees. We do this by induction on the number 
of vertices. The base case is clear. 

Suppose now that the statement is true for even integers less than n, with 
n even. In a tree T with n vertices, choose an arbitrary vertex v with degree 
d > 1. Then deleting v from T results in a forest of d trees: T1, T2, ... Tg. Let 


_f[T% EVE) is even; 
‘| Tu {o} ot therwise. 


nath dx 


Note that since T has an even number of vertices, T — {v} has an odd 
number of vertices, so an odd numbef of T; have an odd number of vertices 
and an odd number of U; contain v. Each U; is a tree with an even number 
of vertices, so the inductive hypothesis can be applied to each of them. The 
edges corresponding to two different U; will never overlap, and if we combine 
all the selected edges, the only vertex that might not work is v. But since v 
is contained in an odd number of U; and an odd number of odd numbers sum 
to an odd number, it will have an odd number of edges adjacent to it. So this 
selection works and the induction is done. 


Example 7.18. Let G be a simple graph with 2n + 1 vertices and at least 
3n + 1 edges. Prove that there exists a cycle having an even number of edges. 


Solution. We will proceed by induction on the number of vertices of the 
graph to show that whenever we have f(n) = [e 2] + 1 edges there is an 
even cycle. The base case n = 1 is clear. 

Suppose we proved the result for up to n — 1 vertices, where n > 2. If 
our graph G has n vertices and f(n) edges, note that if we can find a vertex 
v so that deg(v) € {0,1} then G \ {v} has an even cycle by the induction 
hypothesis. 
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Suppose we can find adjacent vertices u and v of degree 2. Say u is adjacent 
to u and v and v is adjacent to u and v,. If there is already an edge from u1 
to v1, then we already have a cycle of length 4. Otherwise, we can consider 
G \ {u,v} with an extra edge from u, to vı. This reduces the number of 
vertices by 2 and the number of edges by 2. Thus by the induction hypothesis 
this graph has an even cycle. If this cycle uses the new edge from u; to v1, 
then it becomes a cycle with 2 more vertices in G, but still of even length. 

Now we are ready to prove the induction step. Let P = vjv2...um be 
a path of longest length in G. Then there are edges viv; and unv, with 
vi, ur, € P because deg(v1), deg(vn) > 2 and P is maximal. Now there are two 
cases: 


Case 1. If deg(v1) > 3. Then there is another edge viz with z € P and 
x Æ v|. Consider the union of the edges vız, vivi and the paths from v to vj 
and from vı to x. They form a cycle with a chord and therefore we have an 
even cycle. (The chord splits the cycle into two other cycles. The sum of the 
lengths of these three cycles is even) 


mat 
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Case 2. If deg(v1) = 2, by the observation above we have deg(v2) > 3 and so 
there is an edge voy. If y € P, then wë can again find a cycle with a chord as 
above. If y is not in P, then its degree cannot be 1, but if y was connected 
to another z ¢ P then this contradicts the maximality of P. So z € P. Now 
the union of vv}, vey, yz and the path from vı to whichever is the farthest 
between z and vj is a cycle with a chord and so the induction step is complete. 


Example 7.19. (Russia 1995) In the city of Dujinsk every intersection has 
exactly three streets meeting at that intersection (each street joins two in- 
tersections). The streets are colored in three colors: red, black and white in 
such a way that from every intersection has a street of each color. We call 
an intersection positive in the colors of the streets can be read as red, black 
and white in clockwise direction and negative if this can be done counter- 
clockwise. Prove that the number of positive intersections differs from the 
number of negative intersections by a multiple of 4. 


Solution. To tackle the question more easily, we consider a planar graph with 
nodes and edges instead of the city with intersections and streets. Now, in 
this new graph, one of the first ideas that comes in mind is induction on the 
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number of nodes. So how can we use it? We cannot generally remove an edge 
or a node while still fulfilling the hypotheses. However, we can remove one 
edge if the following conditions hold: Suppose that on one face of the graph we 
have three consecutive edges with the colors red, black, red. Let these edges 
be AB, BC, CD in that order. Then the two white edges BE, CF must lie 
outside the face. Now we can remove B,C by joining A, D with a red edge and 
E, F with a white one. It is easy to see that if we draw these edges to follow 
approximately the contours of the paths A — B- C — D and E—B-C-F, 
then we get a planar graph and we ensure that the signs of A, D, E, F do not 
change. We also see that B and C had opposite signs so the problem would 
follow by induction in this case. 

What happens if cannot find such a configuration? This means that on 
every face the colors cycle so in particular every face has a length divisible by 
3. However, we can easily handle thisźcase if we remember one of the crucial 
facts in planar graph theory: in a planar graph, there is a vertex with degree 
less than 6, and by duality, a face with: length at most 5. Since the faces must 
have length divisible by 3, we deduce that we have a triangle, say ABC with 
AB red, BC black and CA white. Now let AD, BE, CF be the other edges 
emerging from the vertices of the triangle. We can remove A, B, C by creating 
a new vertex T inside ABC and by joining it to D,E, F by edges of black, 
white and red color, respectively. We see that all of A, B and C had the same 
sign, which is opposite to the sign of T and so our difference has changed by 
+4, which is what we need. 

The proof of the base case for this induction (when we have just four 
vertices) is left to the reader. 


7.1.3 Combinatorial Geometry 


As its name suggests, Combinatorial geometry is a field which blends ele- 
ments from combinatorics and geometry. It deals mainly with arrangements 
of geometric objects and their discrete properties. We shall consider mostly 
problems that use topics such as covering, coloring, tiling or decomposition. 
One of the theorems that lies at the heart of Combinatorial Geometry is: 


Example 7.20. (Helly’s Theorem) Given n > 4 convex figures in the plane 
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such that any three of them have a common point, prove that all n figures 
have a common point. 


Solution. We will prove the statement by induction on n. We first prove the 
case n = 4. 

Denote the given figures by Mı, M2, M3 and M4. Let A; be the intersection 
point of all the figures except M;. Two arrangements for the points A; are 
possible: 


Case 1. One of the points, say A4 lies inside the triangle formed by the 
remaining points. Since A1, A2, A3 belong to the convex figure M4, all points 
of A; Aj A3 also belong to M4. Therefore A, belongs to M4 and by construction 
it also belongs to the other figures. 


Case 2. If A; A2434; is a convex quadrilateral, let O be the intersection point 
of diagonals A,;A3 and A244. Let us: prove that O belongs to all the given 
figures. Both points A; and A3 belorig to figures Mz and M4, therefore the 
segment A;A3 belongs to these figures. Similarly, the segment A244 belongs 
to figures Mı and M3. It follows that the intersection point of segments A; A3 
and A244 belongs to all the given figures. 

Assume now that the statement holds for n > 4 figures and let us prove 
it for n + 1 figures. Given convex figures Mj,..., Mn, Mn+i, every three of 
which have a common point, let us consider the figures Mj,.. .»Mn_1, Mn, 
where M,, is the intersection of Mn and Mnii. Clearly M, is also a convex 
figure. Let us now prove that any three of the new figures have a common 
point. We only need to look at the triples of figures that contain M., since 
for the others, the statement is true by assumption. But now from the case 
n = 4 we know that for any i and j, the figures M;, Mj, Mn and M,,41 always 
have a common point. So M;, M; and M, will have a common point. By the 
induction hypothesis, we are done. 

Let us now study some further examples. 


Example 7.21. The sides and the diagonals of a regular n-gon X are colored 
in k colors such that: 


i) For each color a and any two vertices A, B of X either the segment AB 
is colored in a or there is a vertex V such that AC and BC are colored 
in a. 
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ii) The sides of every triangle with vertices among the vertices of X are 
colored in at most two colors. 


Prove that k < 2. 


Solution. Assume we have at least three colors, say 1,2,3. Let A,B,C 
be points such that edge AB has color 1 and edges AC, BC have color 2. 
There exists a vertex D such that DB and DC have color 3. As the triangles 
DAB, DAC are colored in at most two colors, we conclude that DA is also 
of color 3. Then we add a vertex E such that EC,ED have color 1. As 
ECB,EDB are colored in at most two colors, EB also has color 1. So as 
EDA and ECA must be colored in two colors, ÆA has also color 1. This 
suggests us to try to prove the following statement: 

“There exist vertices X1, X2,..., Xn such that the edge X;X; has color 
1+ (j+1) (mod 3), for i < j.” 

The proof is done by induction 
A,...,& described above. f 

For the induction step, notice that:the side Xn—-1Xn has color 1 + (n + 1) 
(mod 3), therefore there exists a vertex X such that both Xn-1X and X,X 
have color 1 + (n + 2) (mod 3). Clearly X is not among X1, X2,...,Xn-2 
because otherwise XXn would be of color 1+ (n + 1) (mod 3) which is dif- 
ferent from 1 + (n + 2) (mod 3). Then, as the triangles XXn-1Xn-2 and 
XXnXn-2 are colored in at most two colors each, we conclude that X Xn-2 
has also color 1+ (n+ 2) (mod 3). Similarly, for 1 < i < n — 3, the trian- 
gles XXn Xi, X Xn_1Xi, XXn-2X; are all colored in at most two colors, so we 
conclude that XX; has color 1+ (n+ 2) (mod 3). So we may set Xn41 = X. 
The induction is complete. 

From the above result, we conclude that the polygon has infinitely many 
vertices, which is a contradiction. 

For the next example, we will require the following famous result, known 
as the Sylvester-Gallai Theorem, which asserts that given a configuration of 
n > 3 points in the plane, either all of the points are collinear, or there is a 
line which passes through exactly two points of the configuration. 


n, the base case being the vertices 
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Example 7.22. We have n > 3 points, not all of them collinear. Prove that 
these points determine at least n lines. 


140 Chapter 7. Combinatorics 


Solution. We will proceed by induction on n. For n = 3, the result is clear. 

Assume now the statement is true for some n > 3. For the points 
{P,,...,Pn4i}, by the Sylvester-Gallai theorem, there is a line passing through 
only two of them, without loss of generality say that it is the line connecting 
Pr4i and Pa. Note that if all of P,,...,P, are collinear, we can easily get 
n + 1 lines from connecting P,41 to each of them and are done. Otherwise, 
removing P,+41 and the line connecting it to P, we get a set of n points that 
are not all collinear. Thus we can apply the induction hypothesis and get at 
least n lines. Adding the extra line determined by P, and P,41, we get at 
least n + 1 lines. 


Example 7.23. The set M consists of the four vertices of a square with side 


length 20 and 1999 more points in the interior of this square. Prove that there 


is a triangle with area at most $. formed by the vertices of M. 


0k 


Solution. It is enough to prove thatthe square can be divided into at least 
4000 triangles with vertices in M, sô one of them will have area at most 
2 = ib: Clearly the number 1999 should not be special, so let us prove by 
induction on n that if M contains the,vertices of the square and n points in 
the interior, then we can partition the square into at least 2n + 2 triangles 
formed by the vertices of M. The base case n = 1 is true, because a square 
with a point in the interior can be broken into 4 triangles. 

Now, assume we have proven the assertion for n = k and let us prove it 
for n = k+1. Take a point P from M, different from the vertices if the 
square. If we remove P, we can divide the square into 2k + 2 triangles with 
vertices in M \ {P} by the induction hypothesis. Therefore, P either falls 
inside a triangle or it falls on the side of one of the triangles. If P falls inside 
the triangle XY Z, we can divide XY Z into three triangles PXY, PY Z, PZX, 
thus increasing the number of triangles by 2. If P falls on a segment AB, then 
AB belongs to at least two different triangles ABC,ABD. We can divide 
them into the triangles APC, BPC, APD, BPD, again increasing the number 
of triangles by 2. So we get at least 2k + 4 triangles and the induction step is 
proved. 


Example 7.24. (IMO 2013 shortlist) In the plane, 2013 red points and 
2014 blue points are marked so that no three of the marked points are collinear. 
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One needs to draw k lines not passing through the marked points and dividing 
the plane into several regions. The goal is to do it in such a way that no region 
contains points of both colors. 

Find the minimal value of k such that the goal is attainable for every 
configuration of 4027 points. 


Solution. The answer is k = 2013. We will actually prove the following, more 
general statement: 

If n points in the plane, no three of which are collinear, are colored in red 
and blue arbitrarily, then it suffices to draw || lines to reach the goal. 


Proof. We proceed by induction on n. Ifn < 2, then the statement is obvious. 
Now assume that n > 3, and consider a line l containing two marked points 
A and B such that all the other marked points are on one side of l; thus l is a 
line containing a side of the convex hill of the marked points. In particular, 
A and B are on the convex hull of the marked points. 

Remove for a moment the points A and B. By the induction hypothesis, 
for the remaining configuration it suffices to draw |3] — 1 lines to reach the 


goal. Now return the points A and B ‘back. Three cases are possible: 


Case 1. If A and B have the same color, then one may draw a line parallel 
to l and separating A and B from the other points. Obviously, the obtained 
configuration of |3] points works. 


Case 2. If A and B have different colors, but they are separated by some 
drawn line, then again the same line parallel to l works. 


Case 3. Finally, assume that A and B have different colors and lie in one 
of the regions defined by the drawn lines. By the induction hypothesis, this 
region contains no other points of one of the colors. Without loss of generality, 
assume the only blue point it contains is A. Then it suffices to draw a line 
separating A from all the other points, which can be done since A is on the 
convex hull of the marked points. 

Thus the step of the induction is proved and we are done. 


Example 7.25. (JBMO 2004) Consider a convex polygon having n vertices, 
n > 4. We arbitrarily decompose the polygon into triangles having all the 
vertices among the vertices of the polygon, such that no two of the triangles 
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have interior points in common. We paint in black the triangles that have two 
sides that are also sides of the polygon, in red if only one side of the triangle 
is also a side of the polygon and in white those triangles that have no sides 
that are sides of the polygon. 

Prove that there are two more black triangles that white ones. 


Solution. We prove by induction that there are at least two black triangles, 
and that b = w+2 where b (resp. w) denote the number of black (resp. white) 
triangles. 

First, for n = 4 there are two black triangles and no red and white. This 
establishes the base case. 

Now, let n > 4 be given, and assume that the result holds for any k such 
that 4 < k < n. Let us consider an n-gon colored as in the statement of 
the problem. Let d be any diagonal (not side) which has been drawn for the 
triangulation. Then d separates the gon into two disjoint polygons. If any 
of these polygons is a triangle, then iis a black one in the original coloring. 
If none of these polygons is a triangle; then use the induction hypothesis for 
each of the two sub-polygons. This gives us at least 2 black triangles on each 
side of d. Furthermore, for each side at most one of these black triangles have 
das aside. Thus, in any case, there is at least one black triangle on each side 
of d, which ensures that there are at least two black triangles for the n-gon. 

Now let T = ABC be a black triangle (which does exist from above), 
with vertices in that order on the n-gon. Consider the n — 1-gon obtained 
by deleting T and replacing it by the edge AC. The coloring induced on this 
(n — 1)-gon is the same as the initial one, except for the triangle T’ having 
AC as side. Note that since AC is a diagonal of the n-gon, then T” was red or 
white in the original coloring, and since it is a side of the (n — 1)-gon, it is now 
black or red, respectively. From the induction hypothesis, we have b = w’ +2 
for the (n — 1)-gon. 

If T’ is black for the induced coloring, then it was red for the initial one. 
Adding T, it leads to b = b — 1 + 1 =b' and w = w. 

If T’ is red for the induced coloring, then it is white for the initial coloring. 
Adding T leads to b= b + 1 andw=vw’'+1. 

Thus, in either case, we have b = w+2 as desired, which ends the induction 
step and the proof. 
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Example 7.26. (Moscow 1996) We are given a set A consisting of some 
lines in the plane. It is known that for any subset B of A consisting of k? +1, 
(k > 3) lines, there exist k points such that any line which is in B passes 
through at least one of these points. Prove that we can also choose k points 
such that each line in A passes through at least one of them. 


Solution. Let us first introduce some terminology. For a set X, we say that 

the lines in X pass through k nodes if there exist k distinct points in the plane 

such that each line in X passes through at least one of these points. We also 

say that the statement S(n,k) is true if from the fact that any n lines of X 

pass through k nodes we can deduce that all lines in X pass through k nodes. 

With this setup, we are asked to prove that S(n, k) holds for n = k?+1, k > 3. 
We shall prove the statement by induction on k: 


5(3,1) = $(6,2) > S(16,3) >... S(k +1,8). 


The base case for our induction is clear, since $(3, 1) says that if any three 
lines of a set pass through the same: p point, then all lines of that set pass 
through the same point. 

First, assume that $((k — 1)? + 1, Fk — 1) (k > 4) holds and A is a set of 
lines such that any k? + 1 lines pass through k nodes. Let us consider k? + 1 
lines in A and the k points they pass through. Then one of the k points, call 
it P, is part of at least k + 1 lines. Let M denote the set of all lines in A 
passing through P and let A’ be the set of lines in A which are not in M. We 
shall prove that for A’ we have that any (k — 1)? + 1 lines pass through k — 1 
nodes: 

Indeed, to any set of (k — 1)? +1 lines in A’ we add up to 2k—1 of the lines 
in M and if necessary, some extra lines from A’ to get a total of k? + 1 lines. 
Then, from the hypothesis of the problem, these k? + 1 lines pass through k 
nodes. Let N be the set of these nodes. We show that P € N. Indeed, there 
are at least k + 1 lines in M passing through P, so if P ¢ N, then the lines 
pass through at least k+1 points, while we assumed that k points are enough. 
So it must be that P € N. So excluding P, the remaining k — 1 points are 
contained by all lines in A’ not passing through P, so in particular by the 
(k — 1)? +1 lines from A’ that we initially considered. From the induction 
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hypothesis, $((k — 1)? + 1, k — 1) is true, so all lines in A’ pass through k — 1 
nodes. But then it follows that all lines in A pass through these k — 1 nodes 
together with the point P, so k points in total. This finishes the proof of the 
induction step. 

We still need to prove the first two steps of our chain of implications, 
5(3,1) = S(6,2) > S(10,3). We leave it to the reader to check that these 
follow by just making slightly changes to the argument for the inductive step. 
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7.2 Proposed Problems 


Problem 7.1. (IMO 2002) Let n be a positive integer and S the set of 
points (x, y) in the plane, where x and y are non-negative integers such that 
x+y <n. The points of S are colored in red and blue so that if (x,y) is 
red, then (z’,y’) is red as long as z’ < x and y’ < y. Let A be the number 
of ways to choose n blue points such that all their z-coordinates are different 
and let B be the number of ways to choose n blue points such that all their 
y-coordinates are different. Prove that A = B. 


Problem 7.2. (IMO 2013 shortlist) Let n be a positive integer. Find 
the smallest integer k with the following property: Given any real numbers 
@1,...,@q such that aj +ag+...+ag=nand0<a,; <1 for i =1,2,...,d, 
it is possible to partition these numbers into k groups (some of which may be 
empty) such that the sum of the numbers in each group is at most 1. 


Problem 7.3. (TOT 2002) The spectators are seated in a row with no empty 
places. Each is in a seat which does not match the spectator’s ticket. An usher 
can order two spectators in adjacent seats to trade places unless one of them 
is already seated correctly. Is it truethat from any initial arrangement, the 
usher can place all the spectators in their correct seats? 


Problem 7.4. (USSR 1991) Several (more than two) consecutive positive 
integers 1,2,...,n are written on a blackboard. In one move, it is permitted 
to erase any pair of numbers, say p and q and replace them by the numbers 
p+q and |p — q| instead. In several moves, a student was able to make all 
numbers on the blackboard equal to k. Find all possible values of k. 


Problem 7.5. (USSR 1990) We are given 4m coins, among which exactly 
half of the coins are counterfeit. All genuine coins have equal weights, all 
counterfeit coins also have equal weights, but a counterfeit coin is lighter than 
a genuine one. How can one determine all counterfeit coins in no more than 
3m weighings, using a balance without weights? 


Problem 7.6. (IMO 2006 shortlist) An (n, k)-tournament is a contest with 
n players held in k rounds such that: 


146 Chapter 7. Combinatorics 


i) Each player plays in each round, and every two players meet at most 
once. 


ii) If player A meets player B in round i, player C meets player D on round 
i, and player A meets player C in round j, then player B meets player 
D in round j. 


Determine all pairs (n, k) for which there exists an (n, k)-tournament. 


Problem 7.7. In an m x n rectangular board of mn unit squares, adjacent 
squares are ones with a common edge, and a path is a sequence of squares in 
which any two consecutive squares are adjacent. Each square of the board can 
be colored black or white. Let N denote the number of colorings of the board 
such that there exists at least one black path from the left edge of the board 
to its right edge, and let M denote the number of colorings in which there 
exist at least two non-intersecting black paths from the left edge to the right 
edge. Prove that N? >2™"M. 
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Problem 7.8. (IMO shortlist 1998) Let U = {1,2,...,n}, where n > 3. A 
subset S of U is said to be split by an-arrangement of the elements of U if an 
element not in S occurs in the arrangement somewhere between two elements 
of S. For example, 13542 splits {1,2,3} but not {3,4,5}. Prove that for any 
n — 2 subsets of U, each containing at least 2 and at most n — 1 elements, 
there is an arrangement of the elements of U which splits all of them. 


Problem 7.9. Let n 4 4 be a positive integer. Consider a set S C {1,2,...,n} 
with |S| > [3]. Prove that there exist z,y,z E€ S with x+y = 3z. 


Problem 7.10. A word consists of n letters from the alphabet {a,b,c,d}. A 
word is called convoluted if it has two consecutive identical blocks of letters. 
For example, caab and cababdc are convoluted, but abcab is not. Prove that 
the number of non-convoluted words with n letters is greater than 2”. 


Problem 7.11. (IMO 2006 shortlist) We have n > 2 lamps L,..., Dn in 
a row, each of them being either on or off. Every second we simultaneously 
modify the state of each lamp as follows: if the lamp L; and its neighbors 
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(only one neighbor for i = 1 or i = n, two neighbors for other i) are in the 
same state, then L; is switched off; otherwise, L; is switched on. 
Initially, all the lamps are off except the leftmost one which is on. 


a) Prove that there are infinitely many integers n for which all the lamps 
will eventually be off. 


b) Prove that there are infinitely many integers n for which the lamps will 
never be all off. 


Problem 7.12. (IMO 2005 shortlist) Let k be a fixed positive integer. A 
company has a special method to sell sombreros. Each customer can con- 
vince up to two persons to buy a sombrero after he/she buys one; convincing 
someone already convinced does not count. Each of these new customers can 
convince up to two others and so on. Ifa customer convinces two people to but 
sombreros and each of these two people i in turn makes at least k persons buy 
sombreros (directly or indirectly), then that customer wins a free metru tona 
video. Prove that if n persons bought sombreros, then at most ¢f5 of them 
got videos. 2 


Problem 7.13. Let r be a positive integer. Consider an infinite collection of 
sets, each having r elements such that each two of these sets are not disjoint. 
Prove that there is a set with r — 1 elements that is not disjoint from any 
member of the collection. 


Problem 7.14. We have n finite sets A1, A2, . . . , An such that the intersection 
of any collection of them has an even number of elements, except for the 
intersection of all subsets, which has an odd number of elements. Find the 
least possible number of elements that A; U Ag U ... U An can have. 


Problem 7.15. (USSR 1991) A k x l minor of an n x n table consists of 
all cells which lie on the intersection of any k rows with any l columns. The 
number k+l is called the semiperimeter of this minor. It is known that several 
minors, each of semiperimeter not less than n, jointly cover the main diagonal 
of the table. Prove that these minors jointly cover at least half of all cells. 


148 Chapter 7. Combinatorics 


Problem 7.16. (IMO 2013 shortlist) Let n > 2 be an integer. Consider 
all circular arrangements of the numbers 0,1,...,n; the n + 1 rotations of 
an arrangement are considered to be equal. A circular arrangement is called 
beautiful if, for any four distinct numbers 0 < a,b, c,d < n with a+c = b+d, the 
chord joining the numbers a and c does not intersect the chord joining numbers 
b and d. Let M be the number of beautiful arrangements of 0,1,...,n. Let 
N be the number of pairs (x,y) of positive integers such that x +y < n and 
gcd(x,y) = 1. Prove that 
M=N+1. 


Problem 7.17. Prove that among any 2k + 1 integers, each having absolute 
value at most 2k — 1, one can always choose three that add up to 0. 


Problem 7.18. Prove that a cube @ can be divided into n cubes for all 
n > 55. 
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Problem 7.19. For a permutation Gi, a2, ..+;@n, of the numbers 1,2,...,n 
one is allowed to change the places of any consecutive blocks, that is from 


D 
G1, +++ Qi, Qi41,- ++, Bitp, Qip+1,-- +, Qi+q Qi+qg+1, -+ -3 An 


one can obtain 


G1, --- Qi, Aitpt 1s - ++, Gitgs Gi41,---Gitp, itgi, -++ Ane 


Find the least number of such changes after which one can obtain n, n—1,..., 
2, 1 from 1,2,...,n. 


Problem 7.20. Let m circles intersect at points A and B. We write numbers 
using the following algorithm: We write 1 at points A and B, at every midpoint 
of an open arc AB we write 2, then at the midpoint of the arc between every 
two points with numbers written we write the sum of the two numbers and 
so on repeating n times. Let r(n,m) be the number of appearances of the 
number n after writing all of them on our m circles. 

a) Determine r(n,m); 

b) For n = 2006, find the least m for which r(n, m) is a perfect square. 
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Example. For a single arc AB the numbers written on successive rounds 
are: 1—1;1~—~2-—1;1-—3-2-3-1,1-4-3-5-2-5-3-4-1; 
1-—5-4-7-3-8-5-7-2-7-5-8-—-3-7-4-5-1. 


Problem 7.21. (Hungary 2000) Given a positive integer k and more than 
2* integers, prove that a set S of k +2 of these numbers can be selected such 
that for any positive integer m < k + 2, all the m-element subsets of S have 
different sums of elements. 


Problem 7.22. (Russia 2000) There is a finite set of congruent square cards, 
placed on a rectangular table with their sides parallel to the sides of the table. 
Each card is colored in one of k colors. For any k cards of different colors, it 
is possible to pierce two of them with a single pin. Prove that all the cards of 
some color can be pierced by 2k — 2 pins. 


Problem 7.23. (Russia 2000) Each of the numbers 1,2,...,.N is colored 
black or white. We are allowed to simultaneously change the colors of any 
three numbers in arithmetic progression. For which numbers N can we always 
make all the numbers white? 


‘elegrar 


Problem 7.24. For n > 1, let On be the number of 2n-tuples 
(%1,---,2n,Y1,--+;Yn) with all entries being either 0 or 1 and for which the 
sum 2141 +...+2nYn is odd, and En the number of 2n-tuples of same type 
for which the sum is even. Prove that 
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Problem 7.25. (TOT 2001) In a row there are 23 boxes such that for 
1 < k < 23, there is a box containing exactly k balls. In one move, we can 
double the number of balls in any box by taking balls from another box which 
has more. Is it always possible to end up with k balls in the k-th box for 
1 < k < 23? 


Problem 7.26. Consider a 2” x 2” square. Prove that after removing a 1 x 1 
square from one of its corners, the remaining region can be tiled by “corners” (a 
corner is a 2 x 2 square with one of the four corner unit squares removed). 
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Problem 7.27. Consider 10 x 10 grid square, such that in some of its squares 
there are written ten ones, ten twos, ..., ten nines and one ten (such that in 
each square there is at most one number written). Prove that one can choose 
ten squares from different rows, such that in the chosen squares we have the 
numbers 1,2,..., 10. 


Problem 7.28. (IMO 2009) Let aj, a2,...an be different positive integers 
and M a set of n — 1 positive integers not containing the number s = a; + 
a2+...+@n. A grasshopper is going to jump along the real axis. It starts at 
the point 0 and makes n jumps to the right of lengths aj, a2,...,an in some 
order. Prove that the grasshopper can organize its jumps in such a way that 
it never falls in any point of M. 


Problem 7.29. (IMO shortlist 2004) For a finite graph G, let f(G) be the 
number of triangles and g(G) the number of tetrahedra formed by edges of G. 
Find the least constant c such that 


for every graph G. 


Problem 7.30. Prove that a graph with ns ae) vertices contains either a Kn 
or a Ky, i.e. either n mutually connected vertices or k mutually not connected 
vertices. 


Problem 7.31. In a simple graph with a finite number of vertices each vertex 
has degree at least three. Prove that the graph contains an even cycle. 


Problem 7.32. For a positive integer n, let S be a set of 2” +1 elements. Let 
f be a function from the set of two-element subsets of S to {0,...,2”71 — 1}. 
Assume that for any elements x, y, z of S, one of f({z, y}), f({y, z}), f({z, z} 
is equal to the sum of the other two. Prove that there exist a,b,c in S such 


that f({a, b}), f({b, c}), f({e, a}) are all equal to 0. 


Problem 7.33. Let G be a graph on n vertices such that there are no K4 
3 
subgraphs in it. Prove that G contains at most (5) triangles. 
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Problem 7.34. (Moscow 2000) In a country, there is at least one road 
going out of each city (each road connects exactly two cities). We call a city 
marginalized if there is only one road going out of it. It is known that it is 
not possible to get out of one city and then to get back into it using a closed 
circuit. The cities were split into two sets so that no two cities belonging to the 
same set are connected by a road. Assuming that there are at least as many 
cities in the first set as in the second, show that the first set must contain a 
marginalized city. 


Problem 7.35. (Moscow 2001) There are 20 teams each belonging to a 
different city that play some football games among themselves, such that each 
team plays a home game and at most two away games. Prove that we can 
schedule the games in such a way that each team does not play more than one 
game per day and all games are played i in three days. 


Problem 7.36. (Five color theorem) Prove that the vertices of every planar 
graph can be colored with 5 colors such that each edge has its corresponding 
vertices of different colors. 
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Problem 7.37. In asimple graph with a finite number of vertices, each vertex 
has degree at least three. Prove that the graph contains a cycle whose length 
is not divisible by 3. 


Problem 7.38. (China 2000) A table tennis club wishes to organize a dou- 
bles tournament, a series of matches where in each match one pair of players 
competes against a pair of two different players. Let a player’s match number 
for a tournament be the number of matches he or she participates in. We are 
given a set A = {a1,d2,...,ax} of distinct positive integers all divisible by 6. 
Find with proof the minimal number of players among whom we can schedule 
a doubles tournament such that 


i) each participant belongs to at most 2 pairs; 
ii) any two different pairs have at most 1 match against each other; 


iii) if two participants belong to the same pair, they never compete against 
each other; 
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iv) the set of the participants’ match numbers is exactly A. 


Problem 7.39. (Poland 2000) Given a natural number n > 2, find the 
smallest integer k with the following property: Every set consisting of k cells 
of an n x n table contains a non-empty subset S such that in every row and 


in every column of the table there are an even number of cells belonging to S. 


Problem 7.40. (Austrian-Polish MO 2000) We are given a set of 27 
distinct points in the plane, no three collinear. Four points from this set are 
vertices of a unit square; the other 23 points lie inside this square. Prove that 
there exist three distinct points X,Y, Z in this set such that [XYZ] < 4 


Problem 7.41. (Moscow 1999) We consider in the plane a convex polygon 
such that each of its sides is a segment which is colored towards the outside 
of the polygon (i.e. we regard a part of the segment as colored, and the other 
one not). Inside the polygon we draw some diagonals which again, have a side 
that is colored and one which is not. Prove that one of the polygons that was 
formed while partitioning the initial polygon must also have its sides colored 
towards the outside. 


Problem 7.42. (USSR 1989) A fly Ža a spider are on a 1 x 1 meter square 
ceiling. In one second, the spider can jump from its position to the middle of 
any of the four segments which join it to the vertices of the ceiling. The fly 
does not move. Prove that in eight moves the spider can be within 1 centimeter 
of the fly. 
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Problem 7.43. Prove that if the plane is divided into parts (“countries”) by 
lines and circles, then the obtained map can be painted in two colors so that 
the parts separated by an arc or a segment are of distinct colors. 


Problem 7.44. (IMO 2006 shortlist) Let S be a finite set of points in the 
plane such that no three of them are on a line. For each convex polygon P 
whose vertices are in S, let a(P) be the number of vertices of P, and let b(P) 
be the number of points of S which are outside P. A line segment, a point 
and the empty set are considered as convex polygons of 2, 1 and 0 vertices, 
respectively. Prove that for every real number x we have 


ede ee) = = 1, 
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where the sum is taken over all convex polygons with vertices in S. 


Problem 7.45. (IMO 2006 shortlist) A holey triangle is an upward equi- 
lateral triangle of side length n with n upward unit triangular holes cut out. 
A diamond is a 60° — 120° unit rhombus. Prove that a holey triangle T can 
be tiled with diamonds if and only if the following condition holds: Every 
upward equilateral triangle of side length k in T contains at most k holes, for 
l<k<n. 


Problem 7.46. (IMO 2005 shortlist) Let n > 3 be a given positive integer. 
We wish to label each side and each diagonal of a regular n-gon P; ... P, with 
a positive integer less than or equal to r so that: 


i) every integer between 1 and r occurs as a label; 


ii) in each triangle P;P;P;,, two of the labels are equal and greater than the 
third. 
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Given these conditions: 
bb 


a) Determine the largest positive integer r for which this can be done. 
b) For that value of r, how many such labellings are there? 


Problem 7.47. In a convex n-gon (n > 403), there are 200n diagonals drawn. 
Prove that one of them intersects at least 10000 others. 


Problem 7.48. Consider a convex n-gon such that no three of its diagonals 
are concurrent. In how many parts do the diagonals divide the n-gon? 


Problem 7.49. We are given some unit squares which are translations of each 
other in the plane, such that from any n+ 1, at least two intersect. Prove that 
we can place at most 2n — 1 needles in the plane, such that every square is 
stabbed by at least one needle. 
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Chapter 8 


Games 


8.1 Theory and Examples 


OC 


The two key concepts that we wilk deal with throughout this chapter are 
the notion of a game and the one of a‘strategy. 

While a game is simply defined as & structured form of play, a mathemat- 
ical game is a game whose rules, strategies and outcomes are clearly defined 
by mathematical objects. Examples include chess, tic-tac-toe and others. 

In a game, strategy for a player is a choice for each position he might find 
himself in of one of the options that the player has in that position. Note that 
since his choices are set, this may limit the set of positions in which he can 
find himself. However the choices of any other participants to the game are 
not determined, so his strategy must reflect this. Once a player has chosen 
a strategy, this fully determines the actions he will take at any stage of the 
game. 

Throughout the chapter, when we say that a player has a strategy, we 
shall understand that a strategy can be found, even though for some examples 
this may take too long in real life. As the following problem shows, for many 
games we can prove that a strategy exists, so we can theoretically establish 
who is going to win the game given perfect play, even before the game starts. 
Nevertheless, finding the actual strategy can take too much computational 
time in practice, which fortunately keeps the fun of these games still alive. 
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Example 8.1. Two players play a game where they take turns to make a move 
and which always finishes with the victory of one of the players. The game is 
also designed so that it ends in at most n steps, for some fixed positive integer 
n. Prove that either the first or the second player has a winning strategy. 


Solution. We prove the statement by induction on the number n of steps 
after which the game certainly finishes. Let us call the two players A and B 
and we assume that A makes the first move. 

If n = 1, then certainly one of the players has a winning strategy. Indeed, 
only player A will get to move. If any of his moves leads to him winning, then 
a winning strategy for player A is to make this move. If every one of his moves 
leads to a win for B, then a winning strategy for B is to let A move arbitrarily. 

Assume now that the result holds for some n > 1. We shall prove that it 
also holds for n + 1. g 

After any move by player A we afe left with a game that certainly ends 
in at most n steps. Hence by the inductive hypothesis one of the two players 
has a winning strategy. If any move by player A leaves a position in which 
player A has a winning strategy, the making this move and then following 
that winning strategy is a winning strategy for player A. Otherwise, it must 
be that whatever first move player A makes, we are left in a situation where 
player B has a winning strategy. Then a winning strategy for player B is to 
let A make his first move arbitrarily and then follow the resulting winning 
strategy. This completes our induction step. 


OKS 


Remark. The same argument which we used in the induction step applies to 
prove the more general result where we only require that the game finishes in 
a finite number of steps, not necessarily bounded by a fixed n. 


Example 8.2. (Putnam training) For the following game, we assume that 
there is an unlimited supply of tokens. Two players arrange several piles of 
tokens in a row. By turns, each of them takes one token from one of the piles 
and adds at will as many tokens as he or she wishes to piles placed to the left 
of the pile from which the token was taken (so if the token was taken from 
the leftmost pile, then no new tokens can be added). Assuming that the game 
ever finishes, the player that takes the last token wins. Prove that, no matter 
how they play, the game will eventually end after finitely many steps. 
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Solution. We will prove the result by induction on the number n of piles: 

For n = 1, we have only one pile and because each player must take at 
least one token from that pile, the number of tokens in the pile will decrease 
at each move until it is empty. 

Now assume that the game with n piles must end eventually, for some 
n > 1. We shall prove that this also holds for n + 1 piles. First note that 
the players cannot keep taking tokens only from the first n piles, since by 
the induction hypothesis, the game with n piles must eventually end. So at 
some point, one player must take a token from the (n + 1)-st pile. Now, no 
matter how many tokens were added to the other n piles after that, it is still 
true that the players cannot keep taking tokens only from the first n piles 
forever, so eventually someone will take another token from the (n+1)-st pile. 
Consequently, the number of tokens in that pile will continue decreasing until 
it is empty. Once this happens, we only have n piles left, so by the induction 
hypothesis the game will end in finitely many steps. 


Example 8.3. Consider the following:two-player game. There are 56 candies 
on the table. Players play by turns fone after another). In each turn it is 
allowed to take either one, three, or five candies. The winner is the person 
who takes the last set of candies. Given perfect play on both sides, who will 
win? 


Solution. Let us prove by mathematical induction that if the number of the 
candies is of the form 6n — 4, where n € N*, then the second player wins. 

If n = 1, then the first player takes one candy and the second player takes 
the other one. 

Assume now that the result holds for some n > 1. We show that it also 
holds for n+1. We have 6(n + 1) — 4 = 6n +2 candies. If the first player takes 
a candies, then the second player takes 6 — a candies. Hence, the game will be 
left with 6k — 4 candies. By the induction hypothesis, the second player wins. 
This completes our induction. As 56 = 6- 10 — 4, we know from our proof that 
the second player wins. 


Example 8.4. On an infinite chessboard consisting of unit squares (x, y) with 
x,y > 0 two players play the following game: initially a king is positioned 
somewhere on the board, but not on (0,0), and they alternatively move it 


158 Chapter 8. Games 


either down or left or down-left. The player who wins is the one who moves 
the king into the (0,0) square. Find the initial positions of the king for which 
the first player wins. 


Solution. We will prove by induction on x + y > 1 that the first player wins 
if and only if the original square (x, y) doesn’t have 2 | x and 2 | y. 

Indeed, for z +y = 1 or x = y = 1, the first player can move directly on 
(0,0) and win. 

For x+y > 1, if 2 | z and 2 | y, the first player can only only move on 
(x—1,y), (ec—1,y—1) or (x, y—1), and neither of these has both coordinates 
even. So, by induction, the second player has a winning strategy. 

Else, one of (x —1,y), (c —1, y—1) or (x, y—1) has both coordinates even, 
so the first player can move to it, from which he has a winning strategy (by 
induction). 


oks 


Example 8.5. (Baltic Way, 2013) A positive integer is written on a black- 
board. Players A and B play the following game: in each move one has to 
choose a divisor m of the number n written on the blackboard with 1 < m < n 
and replace n with n — m. Player A makes the first move, then players move 
alternately. The player who can’t make a move loses the game. For which 
starting numbers is there a winning strategy for player B? 


Solution. Call a number n protected if the second player has a winning 
strategy when the game starts with the number n. The game ends when there 
are no moves, hence either n = 1 or n is prime. In these cases, the first 
player has no move and thus loses, so these are protected. Suppose we are at 
a protected value. Since the second player has a winning strategy, regardless 
of how the current player moves, he cannot leave a protected number (from 
which he would win). Thus from a protected value every move must leave an 
unprotected value. Suppose we are at an unprotected value. Then the first 
player must have a winning strategy, hence some move must leave a protected 
value (from which he wins). 

We will show by induction on n that the protected values are either n = 
2?k-! for some positive integer k or n odd. 

The base cases are when n = 1 or n is prime. These are protected and 
have either n = 2 = 2?—! or n odd. For the inductive step there are four cases. 
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Suppose n = 2?*-1. Then the possible moves are to choose m = 2? with 
1 <j < 2k-— 1. These moves will leave us at n — m = 23(2?4-J-1 — 1). This 
is always even and will only be a power of 2 if j = 2k — 2, when it is an even 
power of 2, namely n — m = 2?*-?. By the induction hypothesis none of these 
outcomes is protected, hence n is protected. 

Suppose n is odd. Then the possible moves are write n = km for 1 < 
k,m < n and to move to n — m = (k — 1)m. These are all even since k — 1 
is even and are not powers of 2 since they have a non-trivial odd factor m. 
By the induction hypothesis none of these outcomes is protected, hence n is 
protected. 

Suppose n = 2?*. Then choosing m = 2?*—1 will leave a protected outcome 
n—m = 2?k-1, Hence n is unprotected. 

Suppose n = 2*1, where l > 1 is odd. Then choosing m = l will leave a 
protected (odd) outcome n — m = (2% 1)l. Hence n is unprotected. 


| 

Example 8.6. Let m, n be odd numbers greater than 1, such that 4 | (m — n). 
Consider the following two-player gare: players play by turns (one after an- 
other) and put asterisks in the squares of an m x n grid rectangle (in each 
square it is allowed to put only one asterisk). The first player is allowed to put 
an asterisk in any square, except the central square. In the following turns, a 
player can put an asterisk in a square having a common vertex with the square 
corresponding to the previous asterisk. A player wins if he puts an asterisk 
in the central square or if his opponent cannot move. Given perfect play on 
both sides, who will win? 


Solution. Let us denote by A the 3 x 3 grid square consisting of the central 
square in the m x n grid rectangle and the eight squares having a common 
vertex with it. Denote by B the figure consisting of the squares that do not 
belong to A. In particular, if m = n = 3, then B is empty. 

For m +n > 6 we prove by mathematical induction with respect to m+n 
that B can be divided into dominoes. 

Notice that we cannot have m+n = 8, since any pair of odd numbers 
that sum to 8 does not satisfy the condition 4 | (m — n). So the base case is 
m +n = 10. Without loss of generality, let m > n. Then either m = 7, n = 3 
or m = 5, n= 5. The proofs for both cases are illustrated in the figure below. 
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Assume now that the statement holds for m+n < k, where k > 9,k EN, 
and we prove that it also holds for m +n = k + 1. Again, we can assume by 
symmetry that m > n. We distinguish two cases: 

Case 1. If n = 3, then the statement holds true for an (m — 4) x 3 grid 
rectangle. From the figure below, it follows that the statement holds for an 
m x 3 grid rectangle, too. pi 
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Case 2. If n > 5, then the statement holds true for an (m — 2) x (n — 2) grid 
rectangle. From the figure below, it follows that the statement also holds for 
an m x n grid rectangle. 
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This completes our induction. Back to our game, if the first player puts 
an asterisk in any square of B, then the second player can put an asterisk in 
the other square of the domino which contains that square. Obviously, sooner 
or later, the first player will put an asterisk (for the first time) in one of the 
squares of A (not the central one). Then the second player can put an asterisk 
in the central square of A and win the game. 


Example 8.7. (Russia 2000) Two pirates divide their loot, consisting of two 
sacks of coins and one diamond. They decide to use the following rules. On 
each turn, one pirate chooses a sack and takes 2m coins from it, keeping m for 
himself and putting the rest into the other sack. The pirates alternate taking 
turns until no more moves are possible; the first pirate unable to make a move 
loses the diamond, and the other pirate takes it. For what initial numbers of 
coins can the first pirate guarantee that he will obtain the diamond? 


Solution. We claim that if there are x and y coins left in the two sacks, 
respectively, then the next player Pı to move has a winning strategy if and 
only if |z — y| > 1. Otherwise, the other player Pz has a winning strategy. 

We prove the above claim by induction on the total number of coins, which 
is x+y. If z +y = 0, then no moves are possible and the next player to move 
does not have a winning strategy. 

Assume now that the claim is true when z + y < n for some non-negative 
n and we prove that it is also true when r+ y=n+1. 

First consider the case |x — y| < 1. Assume that a move is possible; 
otherwise, the next player Pı automatically loses, which proves our claim. 
The next player must take 2m coins from one sack, say the one containing 
x coins, and put m coins into the sack containing y coins. Hence the new 
difference between the numbers of coins in the sacks is 


\(z — 2m) — (y + m)| > |-3m| — |y-—2| >3-1=2. 


At this point, there are now a total of x +y -— m coins in the sacks, and the 
difference between the numbers of coins in the two sacks is at least 2. Thus, 
by the induction hypothesis, P> has a winning strategy. This proves the claim 
when |z — y| < 1. 


162 Chapter 8. Games 


We now treat the case |z—y| > 2. We can assume without loss of generality 
that x > y. The pirate P} would like to find an m such that 2m <2,m>1 
and 

(z — 2m) — (y+m)| <1. 


The number m = [=] satisfies the last two inequalities from above 
and we also claim that 2m < x. Indeed, x — 2m is non-negative, because it 
differs by at most 1 from the positive number y+ m. After taking 2m coins 
from the sack with x coins, P, leaves a total of x + y — m coins, where the 
difference between the numbers of coins in the sacks is at most 1. Hence, by 
the induction hypothesis, the other player P> has no winning strategy, so Pi 
must have. This completes the proof of our claim. 

It follows that the first pirate can guarantee that he will obtain the diamond 
if and only if the number of coins initially in the sacks differ by at least 2. 
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8.2 Proposed Problems 


Problem 8.1. Three players play the following game. There are 54 candies 
on the table. Players play by turns (one after another). In each turn it is 
allowed to take either one, three, or five candies, such that the same number 
of candies cannot be taken in two consecutive turns. The winner is the person 
who takes the last set of candies. Given perfect play of all the players, who 
will win? 


Problem 8.2. Let ag, a1, a@2,..., 42016 be distinct positive numbers. Consider 
the following two-player game: players take turns to write the numbers ag, ao, 
1, 2,..-, Geo1g instead of * in the polynomial «22016 + xg?015 +... 4 x (one 
number in each turn). If the polynomial obtained in the end has an integer 
root, then the second player wins; otherwise, the first player wins. Given 
perfect play by both sides, who will win? 


Problem 8.3. A regular pack of 52 cards (with 26 red cards and 26 black 
cards) is shuffled and dealt out to you one card at a time. At any moment, 
based on what you have seen so far, you can say “I predict that the next card 
will be red”. You can only make this-prediction once. Which strategy gives 
you the greatest chance of being right? 


Problem 8.4. On an infinite chessboard consisting of unit squares (x, y) with 
x,y > 0 two players play the following game: initially a king is positioned 
somewhere on the board, but not on (0,0), and they alternatively move it 
either down or left or down-left. The player who loses is the one who moves 
the king into the (0,0) square. Find the initial position of the king for which 
the first player wins. 


Problem 8.5. (TOT 2003) In a game, Boris has 1000 cards numbered 
2,4,...,2000, while Anna has 1001 cards numbered 1,3,...,2001. The game 
lasts 1000 rounds. In an odd-numbered round, Boris plays any card of his. 
Anna sees it and plays a card of hers. The player whose card has the larger 
number wins the round, and both cards are discarded. An even-numbered 
round is played in the same manner, except that Anna plays first. At the end 
of the game, Anna discards her unused card. What is the maximal number 
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of rounds each player can guarantee to win, regardless of how the opponent 
plays? 


Problem 8.6. There are n > 1 balls in a box. Now two players A and B 
are going to play a game. At first, A can take out 1 < k < n ball(s). When 
one player takes out m ball(s), then the next player can take out 1 < £ < 2m 
ball(s). The person who takes out the last ball wins. Find all positive integers 
n such that B has a winning strategy. 


Problem 8.7. (Russia 2002) We are given one red and k > 1 blue cells, and 
a pack of 2n cards, numbered from 1 to 2n. Initially, the pack is situated on 
the red cell and arranged in an arbitrary order. In each move, we are allowed 
to take the top card from one of the cells and place it either onto the top of 
another cell on which the number on the top card is greater by 1, or onto an 
empty cell. Given k, what is the maximal n for which it is duis possible to 
move all the cards onto a single blue éell? 


Problem 8.8. (Mathematical Reflections) A and B play the following 
game on a 2n + 1 x 2m + 1 board: A has a pawn in the bottom left corner 
(square (1, 1)) and wants to get to the top right corner (square (2n+1, 2m+1)). 
At each turn, A moves the pawn in an adjacent square (having a common edge) 
and B either does nothing or blocks a square for the rest of the game, but 
in such a way that A can still get to the top right corner. Prove that B can 
force A to do at least (2n +1)(2m + 1) — 1 moves before reaching the top right 
corner. 


Problem 8.9. (44th tournament of Ural, 4th tour). Consider the fol- 
lowing two-player game: there are given two piles of stones, one consisting of 
1914 stones and the other of 2014. In his turn, a player is allowed to remove 
either two stones from the bigger pile or one stone from the smaller pile; if 
at some stage the piles are equal, then he is allowed to remove from one of 
the piles either one or two stones. A player loses when cannot play his turn 
anymore. Given perfect play by both sides, who will win? 


Chapter 9 


Miscellaneous Topics 


Even though each of the three sections that are included in this chapter 
(Geometry, Calculus and Algebra) could have been a chapter in its own right, 
we decided to group them into a single*one for the following key reasons: unlike 
the other chapters where we started by introducing all the necessary theory 
before discussing any examples, for each of these three sections this aim would 
have been too ambitious, as the background required to understand all the 
applications is too large to be covered in 2 or 3 pages of theory. Moreover, 
for each of the previous chapters, we aimed to give a decent overview of the 
main ideas or topics that can arise in each field we discussed; this is also out 
of reach when it comes to these three topics, as an exhaustive overview would 
require a separate book for each of them. Consequently, we are content to 
discuss just a few from those numerous ideas, and refer the interested reader 
to other sources for more (see for example [8], [12]). 


9.1 Geometry 


9.1.1 Examples 


The applications of Induction in Geometry are surprisingly vast: one can 
use Induction to prove questions that ask for the existence of a specific config- 
uration (certain arrangement of points, a circumcircle of a figure, a line/figure 
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subject to some constraints, etc), construction problems (e.g. dividing a cer- 
tain segment into n equal parts using just a ruler), problems of locus, geometric 
inequalities and many more. We give a small sample of these in the exam- 
ples below, leaving some other very beautiful questions to be tackled by the 
passionate readers in the Proposed Problems section. 


Example 9.1.1. If Aj,...,An are any points in the plane, with any three 
not collinear, then there is a convex polygon P such that some of the A; are 
vertices of P and the rest of the points are inside P. (The polygon P is called 
the convex hull of the points A;,..., An.) 


Solution. We proceed by induction on n. For n = 3, the conclusion is . 
immediate because the points form a triangle. 

Assume now that the statement is true for some n > 3. Suppose we are 
given a set of n+1 points. By the induction hypothesis we can find a convex 
polygon P = B, Bo... Bm such that the vertices B; are among Aj,..., An and 
the remaining vertices of A1, ..., An are inside P. 

Now consider the vertex An41. There will be some pair B;, B; with i < j 
such that the angle 7B; Ay41B; is maximal. Suppose there is some k Æ i, j for 
which By lies outside this angle. The three rays An+1Bi, Anti Bj and An+1 By 
cannot lie in a half-plane, since this would make one of the angles 7B;An+1 Bk 
or ZBryAn+iB; larger than 7B;An+4iB;, contradicting its maximality. Thus 
An+1 lies in the interior of triangle B;B;B, and the polygon P is still the one 
we need. 

Otherwise, every By with k Æ i,j lies inside the angle 7B;A,41B;. With- 
out loss of generality, assume the union of P and the triangle B;An+1B; is the 
polygon Q = An41BjBi41...B;. Since Q lies inside the angle ZB;An+1Bj, 
the interior angles of Q at B; and B; are less than 180°. The interior angles 
at the other B’s are interior angles of P hence less than 180° and the interior 
angle at An41 is 7B; An41B; < 180°. Thus Q is convex, its vertices are some 
subset of Aj,...,An+41, and since it contains P, all the remaining A; are inside 
Q. Thus Q is the required polygon. 


Example 9.1.2. A point O is inside a convex n-gon A; ... An (this includes 
the case when O is on the boundary). Prove that among the angles A;OA;, 
there are not fewer than n — 1 non-acute ones. 
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Solution. We prove the result by induction on n. For n = 3, things are clear. 

Now let us consider the n-gon A;...An, where n > 4. Choose p,q,r such 
that O lies inside the triangle A,A,A,. Let A, be a vertex of the given n-gon 
distinct from the points Ap, Ag and Ar. By removing A, from the n-gon 
Ai... Án, we get a (n — 1)-gon and we can apply the induction hypothesis 
to it. This gives at least n — 2 non-acute angles that do not involve Ax. 
The point O must lie inside one of the triangles with vertices A, and two of 
Ap, Ag, Ar. Suppose without loss it is AyAgA,. Then ZA,OAg + ZAROAy = 
360° — ZA,OA, > 180°. Hence at least one of these is a non-acute angle 
involving Ag. This completes our proof. 


Example 9.1.3. Let A,;A2...A2n be a polygon inscribed in a circle. We 
know that all the pairs of its opposite sides except one are parallel. Prove that 
for any odd n, the remaining pair of sides is also parallel and for any even n, 
the lengths of the exceptional sides are equal. 
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Solution. We prove the result by induction on n > 4. For the n = 4, the 
result is immediate. Now consider the hexagon ABCDEF with AB || DE 
and BC || EF. We prove that CD || AF: 

Notice that AB || DE implies that ZACE = ZBFD and since BC || EF, 
it follows that ZCAE = ZBDF. Triangles ACE and BDF have two pairs of 
equal angles, and therefore, their third angles are also equal. The equality of 
these angles implies the equality of the arcs AC and DF, thus chords CD and 
AF are parallel. 

Now assume that the statement is proved for the 2(n — 1)-gon and let 
us prove it for the 2n-gon. Let A... Amn be a 2n-gon in which A; Ag || 
An+1Án+2, ---; An—-1An || Agn-1Aon. Let us consider the 2(n — 1)-gon 
AjA2...An—-1An41---A2n—1. By the induction hypothesis, for n odd we have 
An—1An41 = Aon—1Al1, and for n even we have An—1An+1 | Aon—1A1. 

Let us now study the triangles A,_,AnAn41 and Agn—1AonAi. We first 
treat the case when n is even. Then vectors An_1An and Aon_1Aon, as 
well as An—1An41 and Agn_1Aean are parallel and oppositely directed. Hence 
ZAnAn-1An41 = ZA1Aen—1Aean and AnAn+1 = Aan Ai since they are chords 
that cut equal arcs. 

Now let n be odd. Then An—1An4+1 = Aon-1A1, i.e. Ay An-1 | An+1A2n-1- 
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In hexagon An—1AnAn+iAen-1A2nAl1 we have AyAn—1 | An+1Aen-1 and 
An—1An || Azn—1A2n. Hence, from the base case of the hexagon that we 
discussed above, we have A,An+1 || AenAi, as required. This completes our 
proof 


Example 9.1.4. (Moscow Math Circles) Prove that one can cut any two 
polyhedrons of equal volume into several tetrahedrons of pairwise equal vol- 
umes. 


Solution. First, we divide both polyhedrons into arbitrary tetrahedrons. To 
do this, one can first divide a polyhedron into pyramids by connecting its inner 
point with the vertices. 

Once we have divided our polyhedron into tetrahedrons, we select the 
smallest of the tetrahedrons we obtained. Then we cut a tetrahedron of the 
same size from one of the remaining tetrahedrons in the other collection. Now 
we finish the question by applying induction on the number of tetrahedrons. 

We conclude this section by presenting two more challenging problems: 


Example 9.1.5. Let A1 A2... An (n = 4) be a convex polygon. Denote by R; 
the radius of the circumcircle of the triangle Aj_1A;Ai41 (here i = 2,3,...,n 
and Ani; = A,). Prove that if Re = R3 =... = Rn then one can draw a 
circumcircle for the polygon A1 A3... An. 


Solution. We begin by proving a few lemmas: 


Lemma 1. If the convex quadrilateral M NPK cannot be inscribed in a circle, 
but the radii of the circumcircles of the triangles MNP and MNK are equal, 
then 

ZMPN+2ZMKN = 180°. 


Proof. From the hypotheses, the circumcircles of the triangles MNP and 
MNK are symmetric about the line MN. Hence, 


ZMKN+2ZMPN = ZMKk'N + ZMPN = 180°, 


where K’ is the symmetric of K with respect to the line MN. 
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Lemma 2. Let ABCDE be a convex pentagon such that Rg = Ro = Rp, 
where Rg, Rc and Rp denote the radii of the circumcircles of the triangles 
ABC, BCD and CDE, respectively. Then at least one of the quadrilaterals 
ABCD or BCDE can be inscribed in a circle. 


Proof. Assume by contradiction that neither of the quadrilaterals ABCD or 
BCDE can be inscribed in a circle. Then using the previous lemma, it follows 
that 

ZCBD+ ZCED = ZBAC + ZBDC = 180°, 


hence 
360° = (ZBAC + ZCBD) + (ZBDC + ZCED) < 180° + 180°. 


This gives a contradiction and establishes the result of the lemma. 

Note that the proof of Lemma 2 still works just fine if the points A and 
E coincide. Hence in this case we conclude that ABCD can be inscribed in a 
circle. This is the n = 4 case of the problem. 


Lemma 3. If ABCDEF is a convex hexagon such that Rg = Rc = Rp = Re 
(with the notations as in the previous‘lemma), then one of the quadrilaterals 
ABCD or CDEF can be inscribed in a circle. 


Proof. Assume by contradiction that one cannot draw a circumcircle for 
either of the specified quadrilaterals. Then using the first lemma that we 
proved above, we have that 


ZBAC + ZBDC = ZDCE + ZDFE = 180°, 


while according to the second lemma, it is possible to draw a circumcircle for 
the quadrilateral BCDE (consider the pentagon ABCDE). 
Hence ZDBE = ZDCE and ZCEB = ZBDC. Thus 


360° = (BAC + ZDBE) + (DFE + ZCEB) < 180° + 180°. 


This gives a contradiction, so the lemma holds. 

Again, the proof of Lemma 3 is fine if A and F coincide. 

Having proved these lemmas, we proceed to the proof of the problem by 
mathematical induction. The n = 4 case was already handled above. For 
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n = 5, applying Lemma 2 and Lemma 3 (with A = F) we see that at least 
two of the quadrilaterals A; A2A3A4, Ap A3A4As5, A3AqA5Aj can be inscribed 
in a circle. From this it follows that it is possible to draw a circumcircle for 
the pentagon A;A2A3A4Asz. 

For the induction step we show that if the statement holds true for n > 5, 
then it also holds for n + 1. 

Consider the quadrilaterals A124344, AgA3A4A5, A3A4A5Ag and 
AyAsAgA7 (when n = 6, as before, we set Ay = Ai). Using Lemma 2 and 
Lemma 3 we have that a pair of consecutive quadrilaterals in the given list 
can be inscribed in a circle. Assume that these are A1 A294344 and AjA3A4As 
(the argument is essentially unchanged for the other possibilities). Then it is 
not difficult to check that the convex n-gon A;A2A4A5...AnAn+i satisfies the 
conditions of the problem, so by the induction hypothesis, it can be inscribed 
in a circle. Moreover, the vertex Ag is also on that circumference, because it is 
possible to draw a circumcircle for quadrilateral A, A2A3A4. This completes 
our proof. z 


Remark. Non convex polygons for 


Remark. If in a convex n-gon only n — 2 of the radii from the question are 
equal, then in general, the conclusion does not hold. See for example the 
figures below: 
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A 


Ap 


Example 9.1.6. (IMO 2006) Let P = A, A2...A, be a convex polygon. 
For each side A;A;+1 let T; be the triangle of largest area having A;Aj41 asa 
side and another vertex of the polygon as its third vertex. Let S; be the area 
of T;, and S the area of the polygon. Prove that 5 S; > 25. 


Solution. To prove the problem by induction we need to reduce somehow the 
number of vertices of the polygon. We can either remove a vertex, a side or 
move continuously a vertex until the polygon degenerates into one with less 
vertices or edges. 

Consider 

f(P) = 1G) - 2[P). 

Let l; = A;Aj41 and V; be the third vertex of T;. Note that V; is uniquely 
determined unless there is a side l; parallel to l;, in this case V; can be either 
of its endpoints. 
For n = 3 the assertion is clear and for n = 4 we have 


S1 + S2 + S3 + S4 > [A1A2A3] + [A2A3Aq] + [A234441] + [A441 A2] = 28. 


Next, we shall use induction of step 2. We are now going to do the following 
operation, as much as we can: 

(*) Pick up a side A;A;+ı which is not parallel to any of the other sides of 
the polygon . Now let us try to move X = A; on the line A;—14;, ensuring that 
while we move it, the polygon remains convex and also that the line A;Ai+1 
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never becomes parallel to any of the other sides. We claim that f is linear 
in X A;_1. Indeed, for any side lk, Vk remains unchanged (actually V, could 
change if in the process of moving A; one of the sides l; would become parallel 
to lp, then V, would “jump” from one endpoint of l; to another. However this 
is not the case because we ensure A;A;41 is not parallel to other sides of the 
polygon, and they do not change directions). Therefore, T; is either constant, 
or has one vertex X = A; and the other two vertices fixed. In any case, S% is 
clearly linear in A;X, and obviously so is S. Thus f, as a linear function, takes 
its minimal values at the extremities. Now what could be the extremities? We 
could encounter one of the following cases: 


a) A; = A;_1, in which the polygon degenerates into A... Aj-1Ai41..- An, 
and we use induction. 


b) A; goes to infinity, in which case the inequality is easy to prove. 


ok 


c) A; becomes collinear with Ai+tAi+2, in which the polygon degenerates 
into A; . .. A; Ai+2 . . - An, and we use induction again. 


d) A;Ai+ı becomes parallel to one-of the sides of the polygon. In this case 
the number of pairs of parallel sides if? P increases. 

We are done in the cases a),b),c). If we encounter case d), repeat (*) again 
and so on. Eventually we reach a polygon in which all sides are divided into 
pairs of parallel ones. In this case, we can deduce that n is even and [i\\lipe 
(we work modulo n). Assume now that n > 6 because for n = 4 we actually 
have equality. Let m = 3. We can see that 5;+Si4m = [Ai Ait1 Ait+mAi+m4i], 
so 


f(P) = X [AiAi Amr Ami] — 28. 


We can suppose that A1 A2 A3 + LA24A3A4 > 180, that is the rays (A Ae 
and (A443 intersect at a point X. Let rays (Am41Am+2 and (Am+4Am+3 in- 
tersect at a point Y. We claim that f(P) > f(A1X 44... Am+1Y Am+4... An). 
This would provide the final step in the problem, since this new polygon has 
n — 2 sides. Now 


HP) =F AL Ag: AAG An A 


= 2[A2X A3] + 2[Am+2Y Am+3] + [A2A3Am+2Am+3] + [A1424m+14Am+2] 
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+[4344Am+3Am+4] — [A1 X Am41Y] — [A4 X Am+4Y]. 
But 
[AX Am+1Y] _ [Ay A2Am+1Am+2] = [AoX Am+2Y] = [AoY X] + [XY Am+2], 
and similarly for [A,X Am44Y]. The problem then reduces to 

2[42X A3] + 2[Am+2Y Am+3] + [A2A3Am+24Am+3] 

—[AoY X] — [XY Am+2] — [AY X] — [XY Am+s] > 0. 

However, 
[A2Y X] + [XY Am+2] + [A3Y X] + [XY Am+3] = = [A2Y X] + [XY Am+2] 


+([XA3Am+2] + 5 XA A3, Am+2¥ ) J+ ([A2Y Am+3] + 5 =(P Ams, A2X)) 
= labia + x P + ne a 
+= AA A3, AnaY) 5 iO Ams aX ) 
(where (u,v) denotes the area of the parallelogram determined by vectors @ 


and v). 
Therefore, we are left to prove that 


| or, en 
[X Ap As} + [Y Am+2Am+3] > 9 (XAs, Am+2Y ) + z Y Am+2, AX). 


However, since the triangles XA2A3,YAm+42Am+3 are similar, we 
deduce that both $(XA3,Ami2Y) and $(YAm43,A2X) are equal to 


4/[X Az As][X Am+2Am+3], and we finish the problem by the AM-GM inequal- 
ity. 
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9.1.2 Proposed Problems 


Problem 9.1.1. a) Prove that any n-gon can be cut into triangles by non- 
intersecting diagonals. 

b) Prove that the sum of the inner angles of any n-gon is equal to 
(n — 2)180°. Hence prove that the number of triangles into which an n-gon is 
cut by non-intersecting diagonals is equal to n — 2. 


Problem 9.1.2. For any positive integer n > 1, prove that there exist 2” 
points in the plane, no three collinear, such that no 2n of them form a convex 


polygon. 


Problem 9.1.3. Let A; ... An be a convex polygon inscribed in a circle such 
that among its vertices, there are no two which form a diameter. Prove that 
if among the triangles A,A,A,, as p,¢,7r range over 1,...,n, there is at least 
one acute triangle, then there are at least n — 2 such acute triangles. 


at 


Problem 9.1.4. a) Prove that the projection of a point P of the circumscribed 
circle of a cyclic quadrilateral ABCD onto the Simson lines of this point with 
respect to triangles BCD, CDA, DAB and BAC lie on one line. (This line 
is called the Simson line of P with respect to the inscribed quadrilateral). 

b) Prove by induction that we can similarly define the Simson line of a point 
P with respect to an inscribed n-gon as the line that contains the projections 
of point P on the Simson lines of all (n — 1)-gons obtained by deleting one of 
the vertices of the n-gon. 


1 


Problem 9.1.5. On the circle of radius 1 with center O there are given 2n+1 
points P,,...Pon+41 which lie on one side of a diameter. Prove that 


—> —> 
JOP Hrs OP 2n41| > 1. 


Problem 9.1.6. Let lı and l2 be two parallel lines and A,B € l, A Æ B. 
Using only a ruler, divide the segment AB into n equal parts, where n > 2. 


Problem 9.1.7. Given 2n +1 points in the plane such that no three of them 
are collinear, construct a (2n + 1)-gon (self-intersecting polygons are allowed) 
for which the given points serve as the midpoints of its sides. 
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Problem 9.1.8. We are given a convex polygon in the plane. Show that we 
can pick a triangle formed by three of its vertices such that the sum of squares 
of its side lengths is at least the sum of squares of the side lengths of the 


polygon. 


Problem 9.1.9. (TOT 2001) Prove that there exist 2001 convex polyhedra 
such that any three of them do not have any common points, but any two of 
them touch each other (i.e. they have at least one common boundary point 
but no common inner points). 


Problem 9.1.10. (IMO 1992) Let S be a finite set of points in three- 
dimensional space. Let Sz, Sy, Sz be the sets consisting of the orthogonal 
projections of the points of S onto the yz-plane, zz-plane and zy-plane, re- 
spectively. Prove that 


ISP < |SsE- [Syl - 152l; 


where |A| denotes the number of elements in the finite set A. 


(Note: the orthogonal projection of & point onto a plane is the foot of the 
perpendicular from that point to the plane). 


Problem 9.1.11. Prove that any convex n-gon which is not a parallelogram 
can be enclosed by a triangle whose sides lie along three sides of the given 
n-gon. 


Problem 9.1.12. Given a circle and n points in the plane, construct an n-gon 
(self-intersecting polygons are allowed) which is inscribed in the given circle 
and such that the lines determined by its sides pass through the given points. 
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9.2 Induction in Calculus 


9.2.1 Examples 


In this chapter we are going to show how Induction can be used to solve 
Calculus problems such as proving identities about functions and their deriva- 
tives, how to calculate limits or several integrals. Before we look at such 
examples, let us prove the following identity, known as Leibniz’s formula: 


Example 9.2.1. Let J be an interval and let f,g : I — R be two n times 
differentiable functions. Prove that: 


(n) _ (7) p) T\ o(n=1) (1) 4 (™) p(n—2) (2) n \ e (n) 
(f9) > (3) n+ (SVs DDt.. (D)o ; 


where f(*) denotes the k-th derivative of f. 


Solution. We prove the result by induction on n. For n = 1 we obtain 


(f9) = a+ fa 


which is the well-known product fornmils for the derivative. 
Assume now that the result holds for some n > 1, so that we have 


(n) _ (™) en) n \ ¢(n—1) (1) 4 (P \ ¢(n—2) (2) N \ galin) 
(fg) = (5) TOL Daoa (SVs 9 +...4(") fo 


By differentiating this relation, we obtain 


(Fe = i (FOD + fg) + (i) (gD + fOD) 4 


NG (fg + fl*D) 


(: 
-("7 H) peg + (o) + (")) ED... 
(es 1) + (" )) {%q + (5 Ti)” (nt) 


th_ OKS 


@r 


+ 


+ 
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Using Pascal’s identity 


we obtain 
(fg) = ‘) forte + e S FDH.. ea) fg), 


so P(n +1) holds, completing our induction. 
As an example where we can prove an identity relating higher order deriva- 
tives of a function, we have the following: 


Example 9.2.2. Let f : (0,00) > R be an infinitely differentiable function. 
Show that 


(n) n 
(z Prog (- )) = => ($ ) for any positive integer n, 


where f™) denotes the n-th derivative of f. 


atig 


Solution. We prove the result by induction on n. For n = 1, we have to show 
that 5 


7B 


Ul) ar) 


which follows from the well-known formula (f o g(z))’ = f’(g(z)) - g'(x). 
Assume now that the identity holds for some n > 1. Then 


(« ny Oye E (Ca; (+)) a 

= (a 1E o r+ g ‘) (2 f ee (by Leibniz’s formula) 
(E a F w ( (2)) -£+ (n+ yr Of rfO (= ) (induction hypothesis) 
=r (e GE) 


+ (nr) OP po (2) = E ro (1), 
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This establishes the result for n + 1 and completes our proof. 


e 


Example 9.2.3. Let In = i (In(z))” dz. Prove that 
1 


=e 5c a= wow +(-1)""1n!, for n>2. 


Solution. We prove the result by induction on n. The base case is n = 2. 
We have 


h = ye In?(x) dx = no In? (x) dz 
2a) - f 2-21a): F az 


=e- £ ln(x) dx 
1 


| 

8 
Er 
B, 
ngs 


which proves the base case. 
Assume now that the result holds for some n > 2. Let f(x) = (In(z))” 
and g(x) = x. We have 


i= [ * gla) f(a) dex 
OROORO 
x (in(z))"ff-n f a) da 


=e—NnlIn_1. 
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Hence 
In41 =e- ales 


-e-e 50 ee) wont 1)"-(n+1)-n! 


he cts 


This completes the proof for the induction step. 


Remark. Notice that for 1 < x < e we have that 0 < ln(x) < 1, so 0 < In < 


e — 1, which implies that Jim, tn = 0. Using the formula that we derived for 


I, in the above question, this implies that 


re ES nge 
tala atate t UG) = 


The following problems give a sample of how induction can be used to 
compute limits of sequences, functions or inequalities that are solved using 
Calculus techniques: 


Example 9.2.4. Consider the sequence (%n)n>1 defined by 


n r 
zı=1 and zn = — + forall n>1. 
In n 
Show that 
lim Siz 1 
n>% y/n : 
Solution. From the recursion relation we immediately obtain that £2 = x3 = 
2. To show that 
fi 
n—0o Jn , 


it suffices to find two functions f,g : Z4 — R for which we know that 


lim fn) Ne = lim gln) 


n= oo Sn — n>% n =1 and g(n)> ín 2 f(n), 
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for all n sufficiently large. 
A natural choice for f is f(n) = yn. To figure out the choice for g, we 
study the conditions that g has to satisfy so that the statement 


P(n): g(n)>an>Vn_ holds for all n>3 


can be proved by induction. 
The base case reads g(3) > 2 > V3. Assume now that P(n) is true for 
some n > 3. From &pn41 = z + 7 and g(n) > £n = y/n we obtain 


2 2 2 
2 nf Lh n n 1 
Daa 2> Ss 2 = ——; +- +2. 
Ta+1 z t a2 3 + a tet Sy a(n + =; + 
To deduce %n41 > Vn + 1, we would like to have ep ++ +2 > n+1, for 


all n > 3. It would thus suffice to set sty =n- 1, i.e. a = Tent" Notice 
that this choice for g satisfies g(3) >£2 and we can also prove by induction 
that zn > vn for all n > 3, as the abeve analya shows. 

It remains to check whether £n < Je for all n > 3. The base case is 
verified. Assume now that the statemént holds for some n > 3. To determine 
whether we can perform the induction’ step, let us study the function 


h(x) = Z + 
We have that h'(x) = =; — jz, so as ie as x < n, we have that h'(x) < 0. In 


particular, h is decae on the interval [vn Nn, z|: We proved above that 
Ln > y/n, so we have 


abt = Men) < AVP) = V + Ze = TE 


This establishes the induction step and thus 


n Tn vn for all n> 3. 


Since 


we must have that lim on = 1 as well. 
n= VN 
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Example 9.2.5. Evaluate the limit 


1— 22) 23 
ine cos(x) cos(2z) . .. cos(nx) 


5 , where nE€Zn>1. 
x20 x 


Solution. We will show that the limit exists for all n > 1 simultaneously with 
finding a suitable recurrence relation for it. So let us denote the required limit 
by Ln. For n = 1 we have 


1- 2sin? (Z 1 B\\2 1 
Pea CO) ae, Na) = Ne a) Va 
x0 x x—0 x? 2 x0 2 


We also have that 


ith_books 


l1- 2T)... =f 
bg Laa = im = 2802 cos(a) cos). cosl(n — 1a 
z—0 E x 
_ 1—cos(nz) 2. 2sin® (32) 
=li = li 
230 r2 z—0 r2 
; 2 
sa 
2 xrz—0 > 2 


Hence by the induction hypothesis the limit Ln exists. 
Using this to compute a few values for Ln, we are lead to guess 


L = n(n + 1)(2n + 1) 
E 12 ` 


We prove this by induction on n. For n = 1, the result was proved above. 
Assume now that the result holds for n — 1, n > 2, that is 


(n — 1)n(2n — 1) 


Ln-1 = 12 
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From the recurrence relation Ln — Ln-1 = a we obtain that 


2 
Ln = Ln-1 + = 
_ (n—1)n(2n — 1) x n? 
12 2 
_ n(2n? + 3n +1) 
7 12 
_ n(n+1)(2n+1) 
12 


This proves the result for n, completing our induction. 


Example 9.2.6. Prove that for any positive integer n and any zx € (0,7), we 
have 
sin(x) fe sin(2z) 
1 2 


sin(nz) 


sek >0. 


Solution. Let 


m: @math-books 


ajs ane) re sig) fhe Pu a 


We prove by induction that the statement 
P(n): Sr(z)>0 if xe (0,7) 


is true for all positive integers n. 


For n = 1 we have S(x) = sing > 0, since x € (0,7), so P(1) is true. 
Assume now that P(n) is true for some n > 1. 


We have lim Sn41(z) = 0 and lim Sn+1(z) = 0. Moreover, we can analyze 
T 
the extreme values for S,41(z) by looking at the roots of Sp+1(x£) = 0. 


Si41(£) = cos(x) + cos(2z) +...+ cos ((n + 1)z). 


Now using the formula 


cos(x) + cos(2x) +... + cos ((n + 1)z) = 
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(which can be proved easily by induction) we have that S/,,,(x) = 0 has the 
solutions 


2kr (2k + 1)r 
r= and z = ————— 
n+1 n+2 


where k is an integer subject to 0 < 2r <r and 0 < @k+i)r < m, for the 
second solution. Since 


Sn+1 (x) > Sn(z) F 


for the first solution we have 
2kr ) 7 (a 2kr ) 
Sma (A = Sn ni +0 > 0, 
using the induction hypothesis, while for the second solution we obtain 


r (2k+1)r\ o (2k +1)r (Ee) 
iN nt2 ) T a2 


si (2 CEHI) ) 

Tot 1 
sin (2km + AEs | 
Sii (ean) 


n+2 

n+1 

where again, for the first inequality we used the induction hypothesis. 
Now, since 0 < 2ktt < 1, we have that 0 < zilk < 1, so 


a (CHa) Yi, 
n+2 


So we obtain that Sn+1 (5) > 0, for this case as well. 
As for the extreme values we have that S,41(x) > 0 and 


’ 


sin ((n + 1)r) 
n+l 


’ 


n+l 


> 


k 


lim Sn+ı(x) = lim Sn41(x) = 0, 


it must be that S,41(x) > 0 for all z € (0,7). Thus P(n) holds for all positive 
integers n, establishing our result. 
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9.2.2 Proposed Problems 


Problem 9.2.1. Let f : R —> (—4, 4), f(z) = arctan(x). Show that if n is a 
positive integer, we have that 


if n = 2k; 


mo) = 
f™ (0) = aa ifn =2k+1, 


where f) denotes the n-th derivative of f. 


Problem 9.2.2. Let f : |[-1,1] > (—3, 3), f(z) = arcsin(x). Prove that 


0 ifn = 2k 
(n)(9) = 
om ae —1)) ifn=2k+1, 


where f(") denotes the n-th derivati ve of f. 


Boks PD 


Problem 9.2.3. Let f : [0,00) > R be given by 


f(x) = fi ete dt, 


Prove that for any non-negative integer n we have 


n 


k=0 
Problem 9.2.4. Prove that for any n € Z, n > 1, one has 


ni nic” — sin(x) sin(2z)...sin(nz) > n(2n +1). n! 
z—0 gre 36 


Problem 9.2.5. Prove that if m, n are non-negative integers with m > n, 


then z 
f cos” (x) cos(mx) dx = 0. 
0 


Using this, deduce the value of 


T 
Jn = j; cos” (x) cos(nx) dz, for all non-negative integers n. 
0 


9.2. Induction in Calculus 185 


Problem 9.2.6. Let a1, a2,...,@2091 be non-zero real numbers. Prove that 
there exists a real number x, such that 


sin(a,x) + sin(a2z) +...+sin(a2901z) < 0. 
Problem 9.2.7. Let f : R — R be a function defined by 


1 
_ je ifa 0; 
=k if 2 =0. 


Prove that f is infinitely differentiable at 0 and f™® (0) = 0, where f™ repre- 
sents the n-th derivative of f. 


Problem 9.2.8. Let n > 1 bea positive integer, 0 < ay < ... < an and 
let C1,...,€n be non-zero real numbersž Prove that the number of roots of the 
equation z 

C1 ay +.. S Cn a, =0 


math 


is not larger than the number of negative elements of the sequence c1C2, c2¢3, 
sey Cn—1Cn- £ 


Problem 9.2.9. Prove that for any |z| < 1 and any positive integer k one 


has 
= n+1 ght 
5 T = ——___.. 
k (1- g)ktl 


n=0 
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9.3 Induction in Algebra 


9.3.1 Examples 


Most of the problems that we will look at in this chapter involve poly- 
nomials. It is worth mentioning that the applications of Induction in Linear 
Algebra and Abstract Algebra go far beyond this and it would take us an en- 
tirely separate book to give a comprehensive exposition of them. We selected 
below some beautiful examples that resemble the common techniques one has 
to keep in mind for questions that involve Induction and polynomials. Further 
elegant applications are given in the Proposed problems section. 


Example 9.3.1. (St. Petersburg) Let P(X) be a polynomial of degree 
n > 1 with real coefficients such that |P(x)| < 1 for all 0 < z < 1. Prove that 


IP (-=) ac PHL], 


Solution. If we let f(x) = P (2), thé, problem is equivalent to showing that 
if |f(x)| < 1 for x € [0,n], then |f(—D| < 2"*1 — 1. We do this by induction 
on n. The base case n = 1 is immediate. 

For the induction step from n — 1 to n, let f be of degree n and consider 
g(x) := f(x) — f(z +1). Then $g satisfies the condition that we want and it 
is of degree at most n — 1. So 


ny DOO 


1:@m 


f(—1)| = |f(0) + g(—1)| < 14+ 2(2" — 1) = 2777-1, 
which completes our proof. 


Example 9.3.2. (TOT 2005) For any function f(z), define f(x) = f(z) 
and f"(x) = f(f”~1(x)) for any integer n > 2. Does there exist a quadratic 
polynomial f(x) such that the equation f"(z) = 0 has exactly 2” real roots 
for every positive integer n? 


Solution. The answer is yes. An example of such a function is f(x) = z? —2. 
For f(z) =0, we have that z? = 2 and the roots are + V2. 
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We claim that every root of f"+1(x) = 0 has the form rn41 = +V2+£Tn, 
for some root rn of f"(x) = 0. Indeed, 


frag) =f" ((LV2ETm) — 2) = f'(4rn) = 0. 


Since f"+!(x) has degree equal to twice the degree of f”(x), these are all the 
roots. 

We are now going to prove that +r, are real and |r,| < 2 for all n. We do 
this by induction on n. For n = 1, this is certainly true from above. 

Assume now that the result holds for some n > 1. Since |rn| < 2, we have 
that 2+rn > 0, so rn41 = V2 £ rn are real. Moreover, |2+r,| < 2+|rn| < 4, 
hence |rn41| < 2. 

Finally, observe that /2 and — v2 are distinct roots and that distinct roots 
of f” (x) = 0 lead to distinct roots of #"*? = 0. 


Example 9.3.3. (Iran TST 1998) Let p(X) be a polynomial with integer 
coefficients such that p(n) > n for every positive integer n. Consider the 
sequence (£n) e y* defined by 5 


egran 


zı=1 and Tn+i p(t); forall n>1. 


We know that for any positive integer N, there exists a term of the above 
sequence which is divisible by N. Prove that p(X) = X +1. 


Solution. Notice that since p(X) is a polynomial, it suffices to prove that 
p(n) = n + 1 for an infinite number of integers n. We will prove this by 
showing that £n = n by induction on n. For n = 1, the statement holds from 
the hypothesis. 

Assume now that we have proved the statement for some n > 1. We 
know that p(tn) > £n = n. If n41 = p(n) A n+ 1 then rn41 > n+ 2, as 
p(X) has integer coefficients. Let k = 2n41 — £n. The key observation is the 
following fact: for integers u and v we have that (u—v) | (f(u)—f(v)), for any 
polynomial f with integer coefficients. From the way we defined our sequence 
In, we have that 


k | (tn42—-2n41) |---| (@u41—2um) VM >n4+1. 
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From the hypothesis, for N = k£n+1, there is a t > n+ 1 such that 
ktn+1 | ce. By setting M = t — 1 in the above chain of divisibilities, we have 
Lt = Tn (mod k). So (n41 — Ln) | In. Thus Tn41 < 2%, = 2n. Note that if 
n = 1, this implies z2 = 2 so we may assume n > 2. On the other hand, 


n — 1 = (£n — 21) | (n41 — T2) = Fn41 — 2, 


so we conclude that £n+1 > 2n and rn41 = 2n. If n = 2, then from zı = 1, 
£2 = 2, and x3 = 4, we conclude that p(1) = 2 and p(2) = 4. But then it is 
easy to see that £n alternates between being 1 and 2 modulo 3, and never a 
multiple of 3. Thus we must have z3 = 3 and we may assume n > 3. But then 


n — 2 = (£n — £2) | (n+1 — £3) = 2n — 3, 


S 


1 = n+ 1, as required. This completes 


fo k 


which is a contradiction. Therefore, x 
our proof. 


math_b 


Example 9.3.4. (IMC 2014) Prove that there exist positive real numbers 
ao,@1,...,@n, such that the polynomial t+anz" + an—1x"7! +... + ao has n 
distinct real roots for all possible choi¢es of signs. 


Solution. We prove the result by induction on n > 1. The base case n = 1 is 
immediate. 
Assume now that the result holds for some n > 1 and let 


P(x) = anz” + anya" 1+... + ao 
be such a polynomial. Then the polynomial 
P(x) = tana™*! + an_1a" +... + aga, 


where ag Æ 0 has n + 1 distinct real roots. Since there are no double roots, 
the local extreme points of P(x) are not among the roots (recall that the 
local extreme points are the solutions to P(x) = 0). Let sı < ... < Sn be 
the solutions to Py = 0. By the previous observation, there must be some 


€ > 0 such that |P(si) >g, for all i = 1,...,n. 
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We claim that the polynomial 
Q(x) = anz” t! + anya" +... tare 


has n + 1 distinct roots for all possible choices of signs. Notice that for i = 
1,...,2—1, the numbers Q(s;) and Q(s;41) have different signs, so there must 
be a root of Q in each of the intervals (s;, si+1). Considering also the behaviour 
on (—o0, s1) and (Sn, +00), we deduce that Q(x) has indeed n+1 distinct real 
roots. This completes our proof. 


Example 9.3.5. Let P(X) = agX¢+...+ ao be a polynomial. Prove that 
P(X) is divisible by (X — 1)” if and only if for all s = 0,1,...,m—1 we have 


an(n +1) + anın? +... +a12° + ao = 0. 
Solution. Assume first that P(X) is divisible by (X — 1)” and write 


1_boc 


P(X) = (X= 1)™Q(X), 


where N 
-m 
Q(X) = 2q iX" m— t 
i=0 
Since 
j=0 j 
we have 


EO) 
De eol Jo 


The statement of the problem reduces to showing that 
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m 
The term 5-1% G (n—i—j+1)* is equal to the m-th difference polynomial 
j=0 
of X* (evaluated at n — i — 1) which is identically 0. This establishes the first 
implication. 
m 
For use below, note that the next term X (-1% @ (n-i-—j+1)” is 
j=0 
the m-th difference of X™. Hence it is the constant polynomial with value m!. 
m 
Thus in particular, 5D E) (m+1—j)™ =m!. 
j=0 
We prove the converse statement by induction on m. The base case m = 1 
is clear. Assume now that the statement is true for m = k, some k > 1. By 
the Division Algorithm, we have 


P(X) = (X —1)*+1Q(X) + R(X), where deg(R(X)) < k. 


Using the induction hypothesis, PEX ) is divisible by (X — 1)*, so we must 
have R(X) = a(X —1)*. Notice that the polynomial (X — 1)*+1Q(X) satisfies 
the conditions for s = 0,1,...,k, so we only need to check the condition for 
R(X) with s = k. We have 2 


R(X) =a Sy Pa ; 


j=0 


thus 
a((k+1)*—k-k¥ +...) =0. 


We saw above that this sum is k! and hence nonzero, therefore have a = 0, 
which completes the proof. 
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9.3.2 Proposed Problems 


Problem 9.3.1. (Iran 1985) Let a be an angle such that cos(a) = B where 
p and q are two integers. Prove that the number q” cos(nq) is an integer, for 
any n € N*. 


Problem 9.3.2. Prove that there is a monic polynomial P € Z[X] of degree 
n, such that P(2cosz) = 2cosnz and P(x + +4) =a" + 4. 


Problem 9.3.3. Prove that there is no polynomial P € R[X] of degree n > 1 
such that P(x) € Q for all x € R\Q. 


Problem 9.3.4. Let F(X) and G(X) be two polynomials with real coefficients 
such that the points 


(F(1),G(1)), (F(2),G(2 
are vertices of a regular 2011-gon. 
Prove that deg(F’) > 2010 or deg(G) 
Problem 9.3.5. Is cos 1° rational? 


Problem 9.3.6. (Poland 2000) Let P be a polynomial of odd degree satis- 
fying the identity e 


ws 


),..., (F(2011), G(2011)) 


m:@mj\f_book 
i) 
© 
=. 
© 


P(z? — 1) = P(z)? — 1. 
Prove that P(x) = x for all real z. 


Problem 9.3.7. (Bulgaria) Prove that there exists a quadratic polynomial 
f(X) such that f(f(X)) has 4 non-positive real roots and f”(X) has 2” real 
roots, where f” denotes the composite of f with itself n times. 


Problem 9.3.8. Prove that if a rational function which is not a polynomial 
takes rational values at all positive integers, then it is the quotient of two 
coprime polynomials, both having integer coefficients. 


Problem 9.3.9. (IMO 2007 shortlist) Let n > 1 be an integer. In the 
space, consider the set 


S={(e,y;2)|eg¢ € {0,1,... n}, £r +y +z = 0}. 


Find the smallest number of planes that jointly contain all (n +1)? — 1 points 
of S but none of them passes through the origin. 
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Problem 9.3.10. Prove that for every positive integer n there exists a poly- 
nomial p(x) with integer coefficients such that p(1), p(2),..., p(n) are distinct 
powers of 2. 


Problem 9.3.11. (Moscow 2013) Let f : R > R be a function such that 
f(z) € Z for all x € Z. For every prime p, there exists a polynomial Q,(X) 
of degree less than 2013, with integer coefficients such that f(n) — Qp(n) is 
divisible by p for all positive integers n. Prove that there exists a polynomial 
g(x) € R[X] such that for all positive integers we have f(n) = g(n). 
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Solutions 


1 A Brief Overview of Induction 


OC 


Problem 1.1. Prove that for all n 


IV 
:@ math_b 


pm 
ew 
iw 
: 

fei 
fæi 


24 On ory 


Solution. Let us look at what happens if we try to prove the statement by 
induction as given. For n = 1 we have 5 < T which is true as 2 > v3. 
For the inductive step, assume that 


3 2n-—1 2n+1 1 


1 
24 On 2n+2~ ni3 


So let us make use of the inductive hypothesis. We have that 


1 3 2n— 1 Aey 1 2n+1 
2 4 2n MmM+2 ` /8n2n+2 
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So if we managed to prove that 
1 2n+1 1 
Van +2 ~ fants 
we would be done. However, this inequality is false, since 
1 2n+1 1 2n+1)\? n 
Van Int2~ Amra Gen oer 


which is further equivalent to 


(2n +1)? < 4n(n+1)S4<0. 
However, if instead of Tk we had something of the form Tea for some 
constant a, at the inductive step we would have to prove that 
1 n+Ft z 1 
V3n+a 2n+2 V3n+3+a 


This is equivalent to showing that 


egram: @r 


es: 38n+a 
2n+2/ © 38n4+34+a 


We have seen above that a = 0 is not quite enough to make this work. Also 


notice that the value of gone. increases with a. So hopefully there is some 
positive real a for which ote z is large enough to have 
= +1 | 3n+a 
2n+2 38n+3+a 


By cross multiplying and simplifying the terms, it turns out that a = 1 suffices. 
So we try to prove the stronger statement: 


1 3 2n-1 > 1 5 1 
2 4 2n ~ y3n+1 vV3n 


The base case for n = 1 is clear. Now assume that the inequality holds for 
some n, so that 


2n— 1 1 


3 
Pea E eee SS ees 
4 2n  V3n+1 
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Now we multiply both sides by 3245. Then we have: 
1 3 2n+1 z 1 2n +1 
2 4 2n +2 ~ V3n+1 mE 
So it suffices to show 
1 2n +1 z 1 
V3n +1 2n+27~ V3n+4 
We have 
1 2n +1 Z 1 
V3n+1 2+2 ~ V3n+4 
(Qn+1)v3n+4 £ (2n+2)V3n41 
(4n? + 4n+1)(8n+4) < (4n? +8n+4)(3n+1) 
12n + 28n?+19n+4 X 12n3+28n?+20n+4 
0 K n 


Problem 1.2. Show that for every positive integer n > 2 one has 


: 1 1 

Seta. 32 $ Ea >= <1. 
Solution. Notice that the sum on the left hand side is increasing so we must 
sharpen our inequality. Using similar ideas to those presented in the examples 
we can obtain the following stronger statement: 


1 
paid = as 1-——- 
Z ae ae, n` 
The above inequality can now be proved by induction. The base case is n = 2, 
for which we have to check ł <1- h, which is clear. 
Assume now that the result holds for some n > 2. We need to prove that 
1 1 1 


1 
Se be A <1 E 
et +t mop n+1 
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Using the induction hypothesis we have 


S phg : <1 Ri 
2 n? (n+1)} n (n+1) 
1 
< 1- —— 
n+l’ 


where the last inequality follows from may < ema This completes the 
induction step and our proof. 


Problem 1.3. (China 2004) Prove that every positive integer n, except a 
finite number of them, can be represented as a sum of 2004 positive integers: 
n = a, +a2 +--+ 2004, where 1 < a1 < ag < ++- < a2004, and a; | aj41 for 
all 1 <i < 2003. 


Solution. The first thing we should Bear in mind with this kind of problems 
is that most likely the number 2004-plays no particular role in the actual 
setup. Hence we will try to prove the result when 2004 is replaced by a 
general number n. Also, when it comes to positive integers, the statement “all 
n, except a finite number of them” is’implied by the statement “all n > N, 
for some positive integer N”. So we begin by trying to prove the following 
stronger statement: 


“For any positive integer k, there exists a positive integer Ny such that any 
k 


integer n > N; can be represented as n = X a; with 1 <a, < a2 <--:< ax, 
and a; | aj41 for al 1 <i < k-11” z 

For the base case k = 1, we take Nı = 1 and there is nothing to prove. 
Let us try to perform the induction step. 

Let us assume the statement true for all values from 1 to some k > 1, and 
consider the case k + 1. 

Ideally, we would want to say n = 1+ (n — 1), so by taking Nk+1 = Nk +1, 
since n > Nk+1, we have n — 1 > N; and considering now the representation 
for n—1 by aı < ag < ... < ax, we obtain the representation 1 < a <... < ay 
for n. However, this would imply that in the representation of n — 1 we had 
a, > 1, which we cannot guarantee with our setup. For example, when we 
want to perform the inductive step with this idea from k = 2 to k = 3, we 
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have Nə = 2 and N3 = 3, but to represent 4 as 4 = 1+ a, + a2, we would need 
to have that 3 can be represented as 3 = a, + a2, with 1 < ay < ag, which 
clearly cannot happen. 


So to make this idea work, we need to strengthen our statement further. 
To figure out what the statement should be, let us consider another useful 
idea which is pretty common to this type of problems proved by induction. 
If we could prove the statement for prime powers (this includes the primes 
themselves), then for any positive integer n we can write n = d-m, where d is 
a prime power and m is a positive integer. So as long as d > Nz41, we obtain 
n = (mai) + (mag) +... + (makg+ı), where d = a, +a2+...+ ak41- 

Now let us see what happens when we try to first prove the statement for 
prime powers. The case we first need to consider is when n is itself a prime. 
Since a prime cannot be factored further, it seems that we need to resort again 
to the idea of writing n = 1 + (n — 1 and we run into the same problem as 
before. However, the extra piece of information that we now have is that 
except when n = 3, for any prime n n — 1 will be composite. pe we may 


be able to show that whenever n is not prime, we can write n = 2% with 


i Ge eee Be enna hae Mette re hat Sa an Let 
us take this as our new statement. Namely we want to prove by induction the 
following: 


“For any positive integer k, there exists a positive integer N; such that any 
k 


integer n > Nk can be represented as n = X a; with 1 <a, < a2 < +- < Qk, 
i=1 
and a; | ai41 for all 1 < i < k — 1, and 1 < a, when n is not a prime.” 


As before, the base case k = 1 is clear. 


Let us now assume the statement true for all values from 1 to some k > 1, 
and consider the case k + 1. With the prime power decomposition idea that 
we discussed above at the back of our mind, we consider the following cases: 


Case 1. If n > 3 is a prime, writen = 1+ (n— 1). Ifn—1 > Nx, then n—1 is 
k 


even, thus not a prime, so it can be represented as n — 1 = 5 bi, with 1 < by. 
i=1 


198 Chapter 10. Solutions 


k+1 
Then we can write n = 5 a; by taking a; = 1 and a; = bi—ı for 2 < i < k+1. 
i=1 
Case 2. If n = 2° > 2°, we write n = 2 + 29(2°-J — 1) with j = 1 for odd 
£, respectively j = 2 for even £. This assures us that 24-9 — 1 is not a prime, 
k 


and if 2-3 — 1 > Ng, it can be represented as Fad — 1 = Xb, with 1 < bı, 
k+1 SA 

then we can write n = X a by taking a, = 27 > 1 and a; = 23b;_1, for 

2<i<k+1. B 

Case 3. If n = ae > p’, with 3 < p < Nz an odd prime, we write n = 


p+p(p1-1). pt -1 1 not a prime, and if p}! — 1 > Nj, then it can ise 
k+1 


represented as p !—1 = 2 bi, with 1< bı. Therefore we can write n = D aj 
i=1 


by taking aj = p>1 and. aes pbi-1, for 2<i<k+l1. 
Case 4. Finally, if n is a large enougl: composite number, then it will have a 
factor d, either a prime larger than Ng, or a power of a prime not larger than 


Nz, but with exponent large enough to fall into one of the cases described 
k+1 k+1 
above. Then n = dm, and we can represent d = 3 Qi, hence n = X (mai), 
i=1 
with 1 < ma. Thus there exists a Ng+ı with the Ted property. 


This completes the induction proof of our statement and it implies in 
particular the statement of the original question. 


Problem 1.4. The sequence (an)n>ı is defined by 


2n— 1 


BS ae 


Prove that aj] +a2 +... +an < 1 foralln>1. 
Solution. Let us sharpen the condition to something of the form 


ai +az +... +an-1 + f(n)-an<1, 
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where f(n) > 1 is a number depending on n to be properly defined later. We 
want to prove the statement of the problem of the induction, so we have to 
check the base case and the induction step. The base case gives f(1)a; < 1 so 
f(1) < 2. For the induction step we need 


ay + ag +: +an-2 + f(n — 1)an-1 > a1 tag+-+-+an-1t f(n)an, 


f(m-1)-1, 
== gaye ES 


As an = TE =>f(n-1)-1> BO ia 


We see that f(n—1) = 2(n—1), f(n) = 2n satisfy the conditions with equality 
so if we take f(x) = 2x then we get the identity 


an 


aj, +a +. A+ Mün = 1, 
which in particular implies the inequality we are interested in. 


Problem 1.5. Consider S the set ofall binary sequences of length n. It is 
partitioned into two sets A and B, each having 2”~! elements. Two sequences, 
one from A and one from B, form a tentacle if they differ in only one position. 
Prove that there are at least 2”~1 tentacles. 


Solution. An attempt of a direct induction fails, because we are restricted 
to the condition |A| = |B| = 2-1. So a first idea of employing the induction 
would be to generalize the statement to all partitions S = AUB. If |A| = 2”, 
|B| = 0 we have no tentacles, and similarly if |A| = 0, |B| = 2”. 

Therefore, a reasonable claim would be that the number of tentacles is at 
least min{|A|, |B|}. This claim is indeed provable by induction on n. The base 
case n = 1 is clear. 

For the induction step, let S’ be the subset of S formed of all binary 
sequences whose last digit is 0, and S” the other sequences in S. Denote 
A = AN S', A" = AN S", B! = BA S', B" = BNA S". Let also f(X),X €S 
be the sequence of length n — 1 obtained from X by dropping its last digit. 
(These constructions are natural as we want to use the induction hypothesis). 
Without loss of generality, |A| < |B|. Set a = |A|, u = |A'|, v = |A”| so 
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u+v=a, |B'| = 271 — u, |B”| = 2-1 — v. Now it’s clear by applying the 
induction hypothesis to the sets f(S') = f(A/)Uf(B’), f(S”) = f(A UF(B”) 
that we have at least min{u, 2"—! — u} + min{v, 2"! — v} tentacles formed by 
pairs of sequences from A’ and B’ or A” and B". If u < 2"-?,u < 2"? we get 
at least u +v sequences and we are done. Otherwise, suppose that one of u,v, 
say u is greater than 2”72. Observe that if X € A’,Y € B" and f(X) = f(Y) 
then X,Y is a tentacle. But |A’|+ |B”| =u+2"%!—v> 2"! as u > v from 
the conditions u > 2"-?,u+v < 2"-!. As f can take at most 2”~1 values, it is 
clear that we form at least |A’|+|B”|—2"—! tentacles composed of members of 
A' and B”. Thus we have a total of at least 2°71 —u +v +u +271 —v—2"71 = 
27-1 > |A| tentacles, so this case is also solved. 


Problem 1.6. Let S be a set of points in the plane (not necessarily finite) 
and consider a complete graph G which has the points in S as its nodes. We 
color the edges of this graph with two, colors. It is known (for example from 
Ramsey Theory) that if S has the sariie cardinality as N, then we will be able 
to find a monochromatic complete subgraph whose vertex set also has the 
cardinality of N. Is it true that if S has same cardinality as R we will find a 
monochromatic subgraph whose vertex set also has the cardinality of R? 


Solution. The answer is no. Let the two colors that we work with be red and 
blue. For simplicity, we identify the vertex set S with R. Let < stand for the 
usual ordering on R and let < be a well-order on R. 

Now for two distinct vertices x and y in S, we color the edge between x 
and y with red if the two orders < and < agree on x,y (that is, if we choose 
the labels so that x < y, then x < y) and with blue otherwise. Assume now 
on the contrary that there is either a complete red subgraph whose vertex set 
A has the cardinality of R or a complete blue subgraph with this cardinality. 

In the first case, we would have an uncountable set A on which the well- 
order < agrees with the usual order <. To see that this cannot happen note 
that if we have any sequence a; of elements of A, then the sets B; = {x € A: 
xz < ai} are countable. Hence the union (J B; is countable. But it is possible 
to choose a sequence a; of elements of A such that the every x € A has x < a; 
for some i. (If A is not bounded above, we choose A; to be any element of A 
with A; > i. If A is bounded above, we let a be the supremum of the elements 
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of A and choose a; > a — 1/i.) If the two orders agreed on A, this would make 
UB; = A, hence uncountable. 

In the second case the argument is the same, we just replace > with < 
throughout. 
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2 Sums, Products, and Identities 


Problem 2.1. (GMB 1997) Determine the sequence aj, a2,..., of positive 
reals, such that for all positive integers k, one has 


_ k(k +1) 
2 
Solution. When k = 1, the identity becomes a; = a1. Let aj = a> 0. 
When k = 2 we have a; + 2?a2 = 3(a1 + a2), hence az = 2a; = 2a. 

For k = 3 we get a; + 2?a2 + 3a3 = 6(a; + az +43), therefore 


a +2. az +32. a3 +.. .+k? -a (ai +a2 +... + ax). 


9a + Yaz = 18a + 6az => ag = 3a. 
We prove by induction on k that a, = k - a, for all k > 1. We established the 


base cases above. 3 
Assuming the result for some k > 1, asi ing the hypothesis for k + 1 numbers 
we have E 
a+ 2a + 3a. -$4 ka + (k +1)°ak41 
_ (k+1)(k+2), 5 


5 (a +2a +... + ka + akı), 


from which we get that 


k+1)(k+2 
(+0? - at a] 2) arn 
= FEU) BED a E +m). 
Now using the fact that 


P42 4...46 = ( 


we obtain from the above relation that az41 = (k + 1)a, as we wanted. 


Problem 2.2. Prove that for all positive integers n, 


E AER e ig Sa ye rl he E A 
23 4 nd Rn n+1 n+2 2n 
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Solution. We use mathematical induction to prove this statement. The base 
case n = 1 is true, 1 — 5 = TH: Assume that the statement is true for n: 


TE E aN See. EE E E EES: 
2 3 4 ` oR ke Rm n+l n+2 ` m 


Let us prove it for n + 1: 


1 1 1 1 l,l SENEDE E ee EEE. 
2°3 4 ` m-—1 Rn Rm+1 Rn+2 n+2 n+2 | MEZ? 


Taking the difference it suffices to prove 


1 1 1 1 1 


which is clearly true. 3 
Problem 2.3. Prove that for any positive integer n one has 
ni? 


12 52 
Ol (n—1)!" 


12 
l= O 
(n+1)!=1+ 01 2 T +...+ 


Solution. The identity clearly holds for n = 1. For the inductive step, assume 
that we have 


12 oF n!? 
J!=14+—+—+4...+——. 
Vee SOs ge aoe a ant 
We will show that 
112 212 n!? (n+ 1)? 
(spss ese vee 
(n+ 2)! Ea e a T 


Using P(n), this is equivalent to proving 


ijenan E 


(n+1)! 
n! 


which is equivalent to n+2 = 1+ or n+2 = 1+n+ 1, which is clear. 


204 Chapter 10. Solutions 


Problem 2.4. Prove that: 
T? (n-k+l1 
( k ) =F, n+2) 
k=0 


for any non-negative integer n. 


Solution. We prove the result by induction of step 2: 

For n = 0, we have (5) = Fz, so P(0) holds. 

For n = 1, we need (3) + (3) = F}, which is true. 

Now let n > 2. Using Pascal’s identity and applying induction for n — 1 
and n — 2, we have: 


Sl ae = 3 aa Gr a 


k=0 k=0 & 
n-1 al n—2 
tl (nis b+ (n—-2)—k41 
= Frit + Fn J 


Problem 2.5. Show that for any positive integer n, we have 


SC) Dr 


r=1 r=1 


Solution. We prove the identity by induction on n. For n = 1, both sides 
become 1, so the result holds. 
Assume now that the statement holds for some n > 1, that is 


$2(0) -pza i 


f=] r=1 


To prove it for n + 1, we have to show that 


n+l 4 n+1 nt] or _ 4 
ee ae 


r=1 r=1 
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So using (1), it suffices to show that 


ee n+1\ fn 7 1 (n+1\_ 2+ -1 
Ln r r n+i\n+1) n+4+1’ 


or equivalently, using Pascal’s identity, that 


E AE ed 
r\r—1 n+1 n+l ` 


But now 


SO 


Me 
oe 
A ESN 
3 
| 3 
m= 
NN 
3 
+= 
p 
ll 
“elegi eije 
= Fle 
— 
LO ETN IM: 
3 


T elegfan 
met 
= 


(a +1 -2+1) 


as required. 


Problem 2.6. The Bernoulli numbers (Bn)n>o0 are given by the following 
recurrence: 


m 
Bọ = 1 and S (77 =o, for m> 0. 
(20 

Prove that 
k 
Fak 4...4+(n-1)* = par ("Tan 


for all non-negative integers n and k. 
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Solution. Set 


sin) = 5 ("4") Bin k+1-i 


i=0 


If we can prove that S(1) = 0 and S(n + 1) — S(n) = (k + 1)n*, then the 
conclusion of the problem follows by induction. Now 


S(n+1) — S(n) =e (x Cry) 
ECCI IC) 
a a) 


Thus we can write the expression as 
w (kad Lk + 1— ; 
5 5 B; | m. 
jo \ J 

But from the definition we deduce 


kj 2h 
=e i)e =0 for j< k. 


i=0 


But 
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Therefore all powers of n of exponent less than k vanish and for k the coefficient 
is clearly k + 1. So indeed S(n + 1) — S (n) = (k + 1)n*, as desired. 


Problem 2.7. Let n be a positive integer. Prove that 


Dony (*) #=0, 


for all0<k<n-l1. 
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Solution. We prove the result by induction on n. The base case n = 1 is 
clear. 

Assume that we have proved the identity for some n > 1. Notice that from 
the induction hypothesis we obtain that for any polynomial p(X) of degree 


less than n we have 
= 2 H Jo- 
i=0 


In particular, for p(i) = (i + 1)*,k < n we have 
n 
y-1)(7) (i+1)* =0, 
i=0 ‘ 


or 


M 

z 

= 
aN 


Toa 
n 
Sc 
Ss 
II 
So 


n 
Adding this relation to X` (—1) C) 
i=0 


ETR P 


ety (" 5 Ne =0. 


i=0 


= 0 and using Pascal’s Identity 


elegram#@ math Pooks 


we deduce that 


Thus the condition holds for k < n and we only need to show it for k =n. 


Now notice that a 
= 1 
Be ae ) (i) =0, 


for any polynomial p(X) of degree less than n. Since there is a polynomial q 
of degree n — 1 such that z(x —1)...(c -n+1) = x” — q(x), we deduce that 


Pi ae a WO je-o-t-en 


i=0 
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But i(¢—1)...(¢-—n+1) is zero for alli = 0,1,...,n—1 and it is n!, (n+1)! 
fori = n, i = n + 1, respectively. So 


becomes 
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3 Functions and Functional Equations 


Problem 3.1. Find all functions f : N* — N* which satisfy simultaneously 
the following properties: 

1) f(m) > f(n) for all m > n; 

2) f(f(n)) = 4n +9; 

3) f(f(n) —n) = 2n+9. 


Solution. A natural guess suggested by 2) is that f(n) = 2n +3. We will 
prove that this is the case in two steps. Firstly, we prove using strong induction 
that 

fin) =fQ)+2(n-1), forall ne N*. 


Notice that the above identity clearly holds for n = 1 and for n = 2, we 
have that f(f(2)-—2) = f(f(1)) = 13. Condition 1) implies that f is injective, 
so f(2) = f(1) +2. For n = 3 we get that f(f(3) — 3) = 15, f(f(2)) = 17, 
f(f(2) — 2) = 13, so we have 


f(2) > f(3) -3 > f(2) -2 = fO) = f(2) +2 = fl) +4. 


Assume now that f(k) = f(1) + 2 — 1), for all k < n and n > 4. 
We distinguish two cases: 


@ math 


Case 1. If n is odd, then from the induction hypothesis we have 
1 = 
fF) aan teensy (G2) aoe, 
This shows that 


e 


f(l)+tn-1>f(n)-—n> f(l)t+n-3. 
Hence f(n) = f(1) + 2n — 2 = f(1) + 2(n — 1). 


Case 2. If n is even, by the same idea as above we have 


£(4($)) =20+9=F(f() -n)) => fn) -n=F(5) =f) 0-2, 


sO 
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hence f(n) = f(1) + 2(n — 1), as we wanted. 
This completes the proof of the fact that f(n) = f(1) + 2(n — 1). To find 
the value of f(1), notice that for n = 2 we get 


FF) +2) =17 => fd) +2(f0) +1) =17 = fl) =5. 
Therefore, f(n) = 2n +3 is indeed the only solution. 


Problem 3.2. (IMO 2007 shortlist) Consider those functions f : N* H N* 
which satisfy the condition 


f(m+n) 2 f(m) + f(f(n)) - 1, 
for all m,n € N. Find all possible values of f(2007). 


Solution. Let P(m,n) be the assertion that 
f(m+n) > flea) + £0 (n))-1 


We claim that f eae! € {1,2,. £2008}. 

For all k € {1,2,...,2007} a function such that f(2007) = k can be given 
by f(n) = 1 for 1 < n < 2006, f (2007) = = k and f(n) = n for 2008 < n. A 
function such that f(2007) = 2008 can be given by f(n) = n for 2007 { n and 
f(n) =n + 1 for 2007 | n. 

Now we will prove that f(n) < n+1. Assume for contradiction that there 
exists k such that f(k) = k + c where c > 1. By P(n,m — n) where m > n, it 
follows that f(m) > f(n)+f(f(m-n))—1 > f(n). Hence f is non-decreasing. 

Now we will prove by induction that f(ik) > ik+i(c—1)+1 for allie N. 
Note that we have shown the case where i = 1. Now assume that the claim 
holds for i = 1,2,...,n. By P(nk,k), it follows that 


f((m+ Dk) > f(nk) + F(F(k)) —1 = f(nk) + f(k +c) -1, 


book 


and since f is non-decreasing we further have that 
f(nk) + f(k+c)-12> f(nk) +k+ec-1=(n4+1k4+(n4+1)(c-1) +1. 


This implies that for any m, there exists p € N such that f(p) — p > m. 
Now let q be such that f(q) --q > k. By P(f(q) —4,q), it follows that 
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FCE) = FCC) — a) + f(f(@)) — 1 which implies that f(f(q) — 4) < 1. 


However, since f is non-decreasing 


fFQ-O)2 fk) =k+e>c>1, 


which is a contradiction. 
Hence f(n) < n+ 1, which implies that f(2007) € {1,2,..., 2008}. 


Problem 3.3. Let f : N— N be a function such that f(0) = 1 and 


rs (E)E), na 


Prove that 
fin-l<f(n)en= #3", for some k,heN. 


| 
Solution. We will prove the result by induction on n in two steps. First, 
we will show by induction on n that F is a non-decreasing function, that is, 
f(n) > f(n—1). Since we easily compute f(1) = 2f(0) = 2 > f(0), the base 
case is done. For the inductive step we simply note that for n > 2, we have 
[5], [š] < n and hence l 


roy = E) +E = (1) EE) e-n. 


Now we prove the requested result by induction on n. Since f(1) = 2 > f(0) 
and 1 = 293°, the base case is done. For the inductive step, note that since 


in) = F([5]) +4 ((5]) 
so—-=5 ([=]) +4) 


and f is non-decreasing, we have f(n) > f(n — 1) if and only if either 


(5D >) a 


and 
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If n is odd, then [2] = ["5+] and clearly 


Ne =a) 
If n = 2m is even, then by the induction hypothesis 
stm) =s (B) AEF) = 20-0 


if and only if m = 2*3” for some k,h € N. Thus 


(5D >4(FS) 


if and only if n = 2**13" for some k, k € N. 
Similarly, if n is not a multiple of 3, then [2] = [25+] and clearly 


(ED -HEH 


on 


If n = 3m is a multiple of 3, then by the induction hypothesis 


stm) = £([5]) > 4 (FG =]) = 20-0 


if and only if m = 2*3" for some k,h € N. Thus 


(5) > (FI) 


if and only if n = 2*3"+! for some k,h € N. 
Combining these two calculation, we see that f(n) > f(n — 1) if and only if 
n = 2*3" for some k,h € N, completing the inductive step. 


Problem 3.4. (AMM 10728) Find all functions f : Z — R satisfying 
f(a? +b? + °) = f(a)? + FO)? + Flo)’, 


whenever a,b,c € Z. 
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Solution. Set f(x) = ax to get a = 0,1,—1 and set f(x) = c to get c = 
0, E We shall prove that these are the only solutions. 
First, we shall find a way of computing f(n) by induction on |n|. Since 
f(0) = f(n? + (=n)? +0°) = f(n)? + f(n)? + (0), 
we compute f(—n) from f(n). Further, note that if 
Ê HHE =m +n? H, 
then 
f(a)? + FO? + FO? = Fm? + f(n)? + Fp. 


So if we can write n? as a sum of at most five cubes of numbers having 
absolute value less than n, we are done. Let us find such representations. Set 
n = 2™(2a +1). Note that 


C 


Ep ith_bo 


53 = 44813813, 
6 = 394 8 45%, 
B= 634 84 48 _ 13. 


Ifa = 1 and m > 1, a = 2, or a = 3, then n is a multiple of 6,5 or 7 and we 
are done. For a > 4 we get the result by the identity 


(2a + 1)? = (2a — 1)? + (a + 4)? — (a — 4)? — 58 — 18. 


Finally, 
23m = 23-2) (33 + 33 +23 + 1° + 1°) 


and therefore this also holds if a = 0 and m > 2. So f is uniquely determined 
by f(0) and f(1), since then we compute 


f(2)= f(1 +1?) and f(3)= fQ? + 1 +1’). 
Now let us look at f(0) and f(1). By setting a = b = c = 0, we get 


f(0) = 3f(0)°. 
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Thus f(0) = 0 or f(0) = E If f(0) = 0, then setting a = 1, b = c = 0 we 
get f(1) = f(1)3. Hence f(1) = 0, —1,1 and we obtain the solutions f(x) = 0, 
f(z) = —z and f(z) = z. 

Now assume that f(0) 4 0. Without loss of generality, let f(0) = 
(the second case is analogous since we could look at —f instead of f). Then 
by setting a = 1, b = c = 0 we deduce f(1) = f(1) + 2f(0)°, which is a 
polynomial equation with respect to f(1) with solutions wet Fz. Similarly, by 
setting a = —1, b = c = 0, we deduce that f(—1) is either A or =z. But 
setting a = 0, b= 1 and c= —1 we find 

Se = FO) = F0? + F(A) + FU? = a + FY? + FY 
v3 a 


A little checking shows that the only possibility i is f(1) = f(—1) = -k, which 
makes f(r) = A for all a. 


Problem 3.5. (APMO 2008) Cong 
the following conditions : 


i) f(0) = 0; 
ii) f(2n) = 2f (n), for all n € N; 
iii) f(2n + 1) = n + 2f (n), for all n € N. 


a) Determine the three sets 
L= {n]|f(n) < f(n +1)}, E = {nlf(n) = f(n +1)}, and 
G = {nl f(n) > f(n + 1)}; 


b) For each k > 0, find a formula for a, = max{ f(n): 0 < n < 2*} in 
terms of k. 


dë the function f : N > N defined by 


Telegram:@.math_boc 


Solution. Let 
Lı := {2k : k > 0}, Fy := {0} U {4k +1: k > 0}, Gy := {4k +3: k > 0}. 


We will show that Lı = L, Eı = E and G1 = G. It suffices to verify that 
Lı C L, Ey C E and G; C G, because Li, E1, Gi are mutually disjoint and 
Lı U E1 UG =N. 
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Firstly, if k > 0, then f(2k) — f(2k+1) = —k < 0 and therefore Lı C L. 
Secondly, f(1) = 0 and 


f(4k +1) = 2k + 2f (2k) = 2k + 4f(k) 

f(4k + 2) = 2f(2k +1) = 2(k + 2f(k)) = 2k + 4f(k), 
for all k > 0. Thus E C E. 
In order to prove G1 C G, we prove by induction on n that f(n+1)—f(n) <n, 
for all n € N. Notice that this is clearly true when n = 2t, as we have by 
definition of f that 

f(Qt+1) — f(2t) =t<n. 
In particular, this proves the base case n = 0 and it suffices to consider the 
case when n is odd. 
Assume now that the result holds for all integers up to some n, n = 2¢+1. 

Then by the induction hypothesis we have 


f(n+1) ~ f(n) = f(2t +2) - fae + 1) = 2f(t +1) - taf) 
= Aft +1) -4f (t)) -t< t-t=t<n. 


This completes our induction. Now for all k > 0, we have 


f(4k +4) — f(4k + 3) = f(2(2k + 2)) — f(2(2k +1) +1) 
= 4f(k +1) — (2k +1 + 2f(2k + 1)) 
=4f(k+1)-(2k+14+2k+4f(k)) 
= 4(f(k +1) — f(k)) — (4k + 1) < 4k — (4k + 1) < 0. 
This proves Gı C G and completes the proof of part a). 
b) First note that aj = a; = f (1) = 0. 
Let k > 2 and let Np = {0,1,2,... Or, We first prove by induction that 
the maximum a, occurs at the largest number in GNM Nx, i.e. ak = f (ae —1). 
The base case is k = 2 for which we have ag = f(3) = f(2?-1) =1. 
Assume now that the result holds for all integers between 2 and k — 1, for 
some k > 3. Then for every even number 2t with 2*-141 < 2t < 25, by the 
induction hypothesis we have 


f(2t) = 2f(t) < 2az_1 = 2f(2*7 — 1). 
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For every odd number 2t+ 1 with 2¥71 +1 < 2t+1 < 2 we have by induction 
hypothesis that 


f(Qe+1) =t+ 2f(t) < 2°! -14 2f(t) 
SORTS 1 Dap = 247! ore): 


In either of the two cases above, the upper bound is at most 
f(2* — 1) = fh? — 1) +1) = 2" * -14 2f02** - 1), 


so we have indeed that a, = f(2* — 1), completing our induction. 
From the above, we obtain the recursion 


ak = 2ap—1 + 2-1 — 1, Vk > 3. 


We observe that the above formula algo holds when k = 0,1, 2. Then a simple 
induction yields that for all k > 0 we Have ap = k2*-1—2* +1. The inductive 
step reads 


ee. @] 


ok-1 


— 


ak = 2ak—1ı + 
= 2((k — 1)2*- -2 _ gk- 14+1)+2%71-—1 
= k2F-1 2 41. 
Problem 3.6. (India 2000) Suppose f : Q — {0,1} is a function with the 
property that for x,y € Q, if f(x) = f(y), then f(x) = f((£ + y)/2) = fly). 


If f(0) = 0 and f(1) = 1, show that f(q) = 1 for all rational number q greater 
than or equal to 1. 


Solution. We first prove the following: 


Lemma. Suppose that a and b are rational numbers. If f(a) # f(b), then 
f(n(b — a) + a) = f(b) for all positive integers n. 


Proof. We prove the claim by strong induction on n. For n = 1, the claim is 
clear. Now assume that the claim is true for n < k. Let 


(x1, Y1, L2, y2) = (b, k(b — a) + a,a, (k + 1)(b — a) + a). 
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By the induction hypothesis, f(z1) = f(y1). We claim that f(xz2) 4 f (y2). 
Otherwise, setting (x, y) = (x1, yi) and (x, y) = (£2, y2) in the given condition, 
we would have f(b) = f((#1 + y1)/2) and f(a) = f((x2 + y2)/2). However, 
this is impossible because x1 + yı = Z2 + y2. Therefore, f(y2) must equal the 
value in {0,1} \{f(a)}, namely f(b). This completes the induction. 

Applying the lemma with a = 0 and b = 1, we see that f(n) = 1 for all 
positive integers n. Thus, f(1 + r/s) # 0 for all natural numbers r and s, 
because otherwise applying the lemma with a = 1, b = 1 +r/s and n = s 
yields f(1 +r) = 0, which is a contradiction. Therefore, f(q) = 1 for all 
rational numbers q > 1. 


Problem 3.7. Find all functions f : Qt — Q+, such that 
1 1 
fa)+f(S)=1, ad F422) = 5f), 


for any x € Qt. 


@math books 


Solution. From the first equation wetdeduce that f(1) = 
Let us now prove that for m,n positive integers we have 


m 1 
(=) = 
( n 1+7 
We shall prove the result by induction on m + n. 


By the above, the statement holds when m +n = 2. 


Let us show that if the statement holds for m +n < k, k € N, k > 2, then it 
also holds for m+n =k +1. 
We consider the following cases: 


Case 1. If m and n are odd numbers. 
1.1) If m > n, then 
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as MP tn= EtL <k. 
1.2) If m = n, we have that 


Case 2. If m and n are even numbers, then 


#(2)-1(4): ie 


m 
1+2 
2 
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e 


Case 3. If m is even and n is odd, then let us consider the following pairs of 
positive integers: (Mo, no), (M1, n1), . (Mp, Np),.--, where mp = m, no =n 
and 


Mi— Mi— 
(== + 2-1, — 1) if 4{mj-1 
2 2 . 
(mi, ni) = where i=1,2,... 
Mi-1 Mi-1 : 
( 2 9 + nit) if 4 | mi-1, 


Note that m; is an even number, n; is an odd number and m; + ni = 
Mi—1 + mj-1, where i= 1,2,... 

Since there are only finitely many pairs (m,n) with fixed sum m + n, the 
sequence (mo, no), (m1,71),... must eventually cycle. In general, the cycle 
need not begin with the first term sequence, but in this case we can step the 
recursion backwards. Indeed, if m; > ni, then Mi-1 = 2nj, Nni-1 = Mi — Ni 
and if m; < nj, then mjy_1 = 2m;, nji-1 = nj — mj. Therefore, the sequence 
(mo, no), (m1, nı), .. is periodic starting from its first element. 
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Let p be such that the pairs (Mp, np) and (mo, no) coincide. We have that 


(Be) -1-¢(S) -1-2 (8 +1) -1-27 (2), 


or 


On the other hand, 


Thus, 


~ 
ATN 
S| 
LL 
Na 
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bo 
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ZOIN 
3|3 
= S 
n |L 
ee 
Il 
Telegram: @ 
= 
+ 
N 
can 
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NS 


or 


n= (TE), where i=1,2,...,p+1. 


Hence, we obtain that 
ty = E1 — 2€129 
T2 = E2 — 2E2213, 


Lp = Ep — 2EpTp+1, 
Tp+1 = T1, 


where |e;| = 1, i = 1,2,...,p. 

Solving the last system by plugging in the corresponding values of the 
variables, we deduce that xı = a + bz, where b is an even number (in fact 
b = +2”). The last equation has a unique solution, hence the system has a 
unique solution. 


220 Chapter 10. Solutions 


Note that i 
ti = — rm 
a 1 + a ? 
where i = 1,2,...,p+1 is a solution of the given system of equations. There- 
fore, 


Ie 
n?  *\ng/] 1O IF% 14% 


Case 4. If m is odd and n is even, then 


eee te ee =F 


Hence, 


= 
n 
3(3 

NYS 
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p 
+ 
3|3 


1 


1 Ç A 
Thus, the function f(x) = Tae is the only function satisfying the hypotheses 


of the problem. 


el 


T 


Problem 3.8. Find all functions f : [0,+00) —> [0,1], such that for any x > 0, 
y20 


f(a) f() = 5 FF (@)). 


Solution. We will establish some properties of f which will allow us to solve 
the problem. We begin by showing the following: 


1 
P1. For any x > 0 we have f(x) < 7 
1 
Proof. We prove this by contradiction. Assume that f(x) > = +a, for some 
zı > 0, where a > 0. Under this assumption, we prove that there exists a 


sequence (£n), such that for n = 1,2,... 


f£tn) > ; +na. (1) 
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We do this by induction on n. For n = 1, the result holds by our assump- 
tion. 

We now show that if the statement holds for n = k, k € N, then it also 
holds for n= k +1. 


We have that f(x) > 3 + ka. Let £k+1 = te f (£k). Then 


F(twsa) = Flee f(ex)) = AFE)? > 2(5 + ka) > 5+ (b+ Da. 


This completes the induction step. i 

From (1) we obtain that the sequence (5 + na) is bounded, which is a 
contradiction. Hence f(z) < $5 for all x > 0. 

We now prove the following: 


P2. For any z > 0 either f(x) = 0 or f(x) = 5. 


have that 


f( (75) af (21) 
Hence f(z2) = where z2 = Fey’ Then 
1 1 
Fedil) = 5 f(a) = 7 


T2 


f(z1) 


Therefore, f ( 
Let 


1 
) > 7 This contradicts what we established in P1 above. 


fe)=4, for «eA and f(z)=0, forze [0,+00)\A. (2) 


Note that if x € A, then f(x) f(z) = = f(æf(a)). Hence 5 € A. We also have 
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1 
so 2x € A as well. On the other hand, if f(0) = > then f(z) = 5 for any 
non-negative value of x (it is enough to take y = 0 in the hypothesis). 
It is now an easy task to verify that if A = Ø, A = [0,+00) or A is such 
that 0 ¢ A and i 
zEA=> 5 cAwe A, 


then the functions in (2) satisfy the conditions of the problem. 


Problem 3.9. (China 2013) Prove that there exists only one function f : 
N* + N* satisfying the following two conditions: 

i) #1) = f(2)=1; 

ii) f(n) = f(f(n—1)) + f(n — f(n — 1)) for n > 3. 
For each integer m > 2, find the value of f(2™). 


Solution. For the first part of the question, we will prove by induction that 
for any n > 2 we have 


*@ math_| 


f(n) -—f F(n—1) € (0.1) and 5 <fi) <n 


Notice that this suffices to eatabiish the first part of the question, since 
from $ < f(n) < n we know that f(n — 1) < n — 1, and from the given 
relation f(n) = f(f(n — 1)) + f(n — f(n — 1)) for n > 3, f(n) is uniquely 
determined by the values of f (f(n —1)) and f(n — f(n — 1)). 

Our base case is n = 2, which is true, since we are given f(2) = 1. Assume 
now that the statement holds for all numbers between 2 and some integer 
n > 2. Let us prove it for n +1. We have 


f(n+1)—f(n) = f(F(m)) - FF(n—-1)) + f(n+1— f(r) — f(n— fin- 1)). 
From the induction hypothesis, we know that f(n) <n, f(n—1)<n-1 
and f(n) — f(n — 1) € {0,1}. We distinguish two cases: 
Case 1. If f(n) = f(n — 1), then f(f(n)) = f(f(n —1)), so we have 
f(n+1)—f(n) = f(n+1—-f(n)) - fin- f(n—-1)) 
= f(nt+1— f(n)) — f(n — f(n)) € {0,1}. 
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Case 2. If f(n) = f(n—1) +1, then f(n+1-— f(n)) = f(n—f(n—1)), and 
we have 


fin+1)- Fln) = f(f(n))-FF(n—-D) = fF(n-D+1)—-F(f(n—D) € {0,1}. 


So we obtained in both cases that f(n +1) — f(n) € {0,1}. Since f(n) < n, 
we have that f(n +1) <n + 1, from what we just proved. Furthermore, 

fn+1) = ffm) + Flat f(n)) > 2 4 BET Me) nh 
which completes the proof of our induction. 

For the second part of the question, we will prove by induction that 
f(2™) = 2-1, for all m > 1. The base case is verified, since we are given 
that f(2) = 1. Assume now that the result holds for all integers between 1 
and some positive integer m > 1. We shall prove the result for m + 1: 

We prove by induction on k that if 2" < k < 2™*!, then f(k) < 2”. If 
k = 2™, the statement is true from the induction hypothesis: Assuming it for 
k, ifk+1<2™*1, then 


gram: C 


2 m+1 
f(k) <2” and k+1- f(k) lonis ai =9m 
From what we established in the first part of the question, we know that f is 
increasing, so f(k) < 2™ and k +1-— f(k) < 2™ imply that f(f(k)) < f(2™) 
and f(k+1-— f(k)) < f(2™), hence 


f(kK+1) =f(f(k)) + f(R+1—f(k)) < FQ") + E) = 271 4 277) = a, 


We now have f(2™+! — 1) < 2™ and f(2™*1 — 1) > aaa So it must be 
that f(2"+! — 1) =2™. Finally, 
FOP) e oa) RIA sagem) 
= f(2™) + fart? — 2) 
= gm—l + gm-1 
= gm 


completing our proof. 


224 Chapter 10. Solutions 


Problem 3.10. (Silk Road MC) Find all functions f : N* — N* which 
satisfy 


2f(mn) > f(m +n?) — f(m}? — f(n}? > 2f(m)f(n). 


Solution. We will show that f(n) = n? for all n. For this, we will need two 
famous facts from number theory. The first is that if q = 3 (mod 4) is a prime, 
then q does not divide any number of the form a? + 1. The second is that if 
p =1 (mod 4) is a prime, then there are positive integers a and b such that 
p=a? +b. 

First note that comparing the outer expressions, we see that f(mn) > 
f(m)f(n). 

Taking m = n = 1, we get 2f(1) > f(2)-—2f(1)? > 2f(1)? > 2f(1). Hence 
we must have equality at each step and thus f(1) = 1 and f(2) = 4. 

Taking m = 1, we get 2f(n) > f(A? +1) — f(n)? — f(1)? > 2f(n). Hence 
again we must have equality throughout and f(n? +1) = (f(n) + 1)?. 

We will now show by a somewhat: subtle induction on n that f(n) > n? 
for all n. By the inequality f(mn) >“f(m)f(n) it suffices to prove this for n 
a prime. Since we already saw that f(2) = 4, the base case is proven, and we 
may assume n is an odd prime. Define the complexity of a prime p to be p 
if p = 1 (mod 4) and p? if p= 3 (mod 4). We will prove the inequality by 
induction on the complexity. 

Suppose we have proved the inequality for all primes whose complexity is 
less than the complexity of p (hence for all products of such primes). 

If p = 1 (mod 4), then there are a,b with p = a? + b?. Since p > a?,b’, 
every prime divisor of a or b has complexity less than that of p. Therefore by 
the inductive hypothesis f(a) > a? and f(b) > b?. Hence taking m = a and 
n = b in the given inequality gives 


f(p) > f(a)? + f(b)? + 2f (a) f(b) > at +b + 2070? = (a? + b*)? = p 


If p = 3 (mod 4), then every prime divisor of p* + 1 is either 2 or is 1 
modulo 4. Since there must be at least one factor of 2, these prime factors 
must be smaller than p*. Hence by induction we conclude that 


(f(p) +1)? = f(p? +1) > (p’ +1)’, 
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and hence f(p) > p?. 

Thus by induction we see that f(n) > n? for all n. 

We saw above that f(1) = 1. Using the inequality, we have two rules which 
would let us conclude that f(n) = n? for some n. 


Rule 1. Suppose f(mn) = (mn)?. Then from 
(mn)? = f(mn) > f(m)f(n) > m?n?, 
we conclude that f(m) = m? and f(n) = n?, and hence from 
2(mn)? + m* + n* = 2f(mn) + f(m}? + f(n)? > f(m +n?) > (m + n?)? 


we further conclude that f(m? + n?) = (m? + n?)?. 


Rule 2. Suppose f(m? +n?) = (m? + n?)?. Then from 


ism ) + f(n))? > (m +n?) 


we conclude that both f(m) = m? and f(n) =n’. 

Let B be the set of all n for whick we can prove that f(n) = n? starting 
with the result above that f(1) = 1 and applying some sequence of the two 
rules above. One can quickly prove that quite a few integers are in B using 
these rules. For example 1 € B by definition. Since 2 = 1? + 17, we conclude 
2 € B by Rule 1. Similarly 5 = 2? + 1? and 26 = 52 + 12, show by Rule 1 that 
5,26 € B. Then 13 = 26/2, 170 = 13? + 17, 10 = 170/17, 17 = 170/10, show 
by Rule 1 that 10,13,17 € B. Hence 10 = 3? + 1? and 17 = 4? + 1? show by 
Rule 2, that 3,4 € B. 

The trick is to organize what we know to show that B is in fact every 
positive integer. Here is one method that works (though it is somewhat com- 
putational at the start). Note that we already saw that using only Rule 1, we 
have 1,2,5,26,13, and 170 € B. Continuing, in this way we get 34 = 170/5, 
1157 = 34? + 17, 1338650 = 1157? + 12, and 25 = 1338650/53546 € B. Thus 
we have shown 25 € B using only Rule 1. 

Now notice that Rule 1 has an extra feature. If we apply Rule 1 to k?mn, 
then we can conclude that k?m, k?n and k?(m? +n?) are in B. Thus iterating 
the sequence of implications above, we conclude that 5” € B for all n. 


(m + n?)? = f(m? +n”) > 


@ Le se 
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Rule 2 is a little weaker than Rule 1 with respect to multiples. If we apply 
Rule 2 to k?(m?+n”), we can only conclude that km and kn are in B. However 
since arbitrarily high powers of 5 are in B, we can still conclude that if n € B, 
then 5n € B (Suppose a chain of implications that starts from 1 and shows 
that n € B has r steps that use Rule 2. Then starting from 5?” and applying 
these same steps with extra powers of 5, we will conclude that 5n € B.) 

Now finally the conclusion is easy. From n € B, we conclude that n?+1 € B 
and hence by the long discussion above that 5(n?+1) € B. Writing 5(n?+1) = 
(n +2)? + (2n — 1)”, we conclude using Rule 2 that n+ 2 € B. Thus an easy 
induction starting with 1,2 € B shows that every positive integer is in B. 


Problem 3.11. (Turkey) Find all functions f : Q* —> QF such that 


f (=) = ue f(x) =a°f () , forall ceQr. 


ook 


Solution. We prove that the only funetions which satisfy the conditions of the 
problem are those of the form fa(4) = a- a where d and n are positive integers 
with (d,n) = 1. One can easily check that these functions satisfy the functional 
equation. For the converse, we proceed by induction on k = max{n,d} (or 
alternatively, on n + d). Let f(1) =a. 

Assume that whenever k < m (for some m > 2), we have f (3) = fa (4) 
(we know the base case k = 1 holds by our construction). Consider the case 
k =m. Notice that since gcd(n,d) = 1, and max(n,d) = m > 2, we have 
n #d. We distinguish two cases: 

If n < d, then gced(n,d — n) = 1 and max{n,d — n} < k, so 


In either case, we obtain the result for the inductive step, completing our 
proof. 
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Problem 3.12. Find all functions f : Z > Z that satisfy 
f(m+n) + f(mn—1) = f(m)f(n) + 2, 
for all integers m, n. 


Solution. We begin by calculating a few small values for f. Plugging in 
m =n = Q gives 

f(0) + f(-1) = f’ (0) +2. 
Setting m = 1, n = 0 gives 


f(1) + f(-1) = F(1) f (0) + 2. 


If we set m = —1, n = 0, we get 
2f(-1) = f 


Hence f(—1)(2 — f(0)) = 2. So we mäst have that f(—1) € {+1, +2}. Com- 

bining this with f(0) + f(—1) = f?(®) + 2, we obtain that the only integer 

value for f(0) is obtained when f(—1)= 2 and in this case we get f(0) = 1. 
Now, to find f(1), we first plug in m = n = —1 which gives 


f(—2) + f(0) = f?(-1) + 2, 


so f(—2) = 5. Then, for m = 1 and n = —1 we obtain 


f0) + F(—2) = FF(-D) + 2, 


which gives f(1) = 2. Further, m = n = 1 gives f(2) + f(0) = f?(1) +2, so 
f(2) = 5. 

Notice that for the first small values we always had f(m) = m? + 1. Also 
notice that from the functional equation, for n = —1 we have 


f(m—1) + f(-m—1) = f(-1)f(m) + 2, 


so it would suffice to prove that f(m) = m? +1 for m > 0, as it would then 
imply it for all integers. 


ithbooks 


-1)f(0) +2. 


1 
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We claim that for each m > 1, f(m) has only one possible value and it 
must be m? + 1, and we shall prove this using strong induction. 

For the base cases, m = 1 and m = 2, we have found that f(1) = 2 and 
f (2) = 5, so the base cases are true. 

For the inductive step, we assume that for all 1 < m < k, f(m) has one 
possible value, m?+1, and we want to show that f(m-+1) has only one possible 
value, (m +1)? +1. First of all, since f(m) and f(m — 1) are fixed, f(m +1) 
is fixed. We have 


f(m+1) = 2f(m) +2 —- f(m—-1) 
= 2(m?+1)+2-(m-1)?-1 
=m? + 2m +42. 
We have obtained that f(m+1) = @m+1)*+1, so the induction is complete. 
Problem 3.13. (Estonia 2000) Find all functions f : N — N such that 


FEF) + FF) +E =n for all nEN. 


Solution. Observe that if f(a) = f(b}, then setting n = a and n = b into the 
given equation yields 3a = 3b, so a =, Therefore, f is injective. 

We now prove by induction on n > 0 that f(n) =n. The base case n = 0 
follows immediately by substituting 0 in the given relation and using the fact 
that f(0) > 0, as the image of f lies in N. 

For the induction step, assume that we have proved the result for all in- 
tegers n less than some no, with no > 1. We want to show that f(no) = no. 
Since f is injective, ifn > no > k, then f(n) 4 f(k) =k. Thus 


f(n)>no, forall n> no. (*) 


In particular, (*) holds for n = no, ie. f(no) > no. Then (*) holds for 
n = f(no) and similarly for f(f(no)) as well. Substituting n = no in the given 
equation, we find that 


3no = f(f(f(no))) + f(F(mo)) + f (no) = no + ro + no. 


Therefore, equality must occur, so f(no) = no, completing the induction step 
and the proof. 
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Problem 3.14. Prove that there exists a unique function f : Qt — Qt 
satisfying all the following conditions: 


a) If0 <q < 4, then f(g) =1+ f (tz): 
b) If1<q< 2, then f(q) =1+ f(q-1); 


c) f(a)f (2) = 1 forallgeQ'. 
Solution. We show that there is a unique f satisfying these properties by 


showing that f is uniquely determined at every positive rational number ý. 
We do this by strong induction on a + b. 

We start with the base case, when a + b = 2 with a = b = 1 and a/b = 1. 
Note that f(1)f(1) = 1, so f(1) = 1 by c). 

Now suppose f(Ẹ) is uniquely derermined at all positive rational numbers 
& with a+b < N, and consider $% g with a'+b' = N +1. We distinguish the 
following cases: 


Case 1. If 1 < g < 2, we have from b) 


a’ 3 a! —b' 
SE 


Since (a’ — b') +b =a’ < a’ +b' = N +1, the right hand side is determined 
uniquely from the induction hypothesis, hence so is f ($). 


that 


gram:nath_t 


Case 2. If 1/2 < ¢ g < 1, using c) we have f= = f( fS) and now we can 
determine fÈ ), since 1 < A <2. 


Case 3. If g < 1/2 we have by a) that 


a’ as a’ 
Es aa a) 


Since b+ (a'—2b') = a'—b' < a'+0' = N+1, f (G5 Sal 7) is uniquely determined 
from the induction hypothesis, hence so is f ($). 
a 

G 


Case 4. If F ce 2, then by c) we can write f ) =f (2y and we can find 


f (5), since z < 5: 
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This covers all the possible cases and completes the induction step. Thus 
there is at most one function f satisfying the given conditions. We still need 
to show that there is such an f. Notice that for each pair of a rational ¢ 
and its reciprocal 2, we found exactly one equation relating f at that point 
to f at a point g with a’ +b' < a+b. Thus we can define f inductively 
without ever trying to assign a value twice (and thus there is no danger of an 
inconsistency). This completes our proof. 


Telegram: @ math_books 
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4 Inequalities 


Problem 4.1. There are n > 1 real numbers with non-negative sum written 
on a circle. Prove that one can enumerate them aj, a2,...,@n, such that they 
are consecutive on the circle and a; > 0, aj +a2 > 0,..., a1+a2+...+an-1 > 0, 
aj +a2 +... +4an > 0. 


Solution. The proof is by induction on n. For one number, everything is 
clear. 

Assume now that the result holds for n — 1 numbers, some n > 2, and we 
show that it also holds for n numbers. As the total sum is non-negative, there 
are non-negative numbers on the circle. If they are all non-negative, there is 
nothing to prove. Otherwise, there is a negative one, say a, < 0. Then by 
applying the induction hypothesis to @1,@2,.-+,@n—2,An—1 + Gn we can find a 
j such that aj,aj+@j41,...,aj+.. +Gn—2,a;+. ..- +@n-1+4n,... are all non- 
negative. But as an < 0, we conclude that a;+...+@n~-1 is also non-negative. 
Therefore listing the numbers starting from a; saties our condition. This 
completes our proof. 


ram: @ 


Problem 4.2. Let a1,a2,...,an be positive real numbers. Prove that 

Gt a2 an aittan 
ER a E , 
(1+ a1)? (1 +a + ae)? (lta, +: + an)? Itat- tan 


Solution. We will prove the result by induction. For n = 1, the result is 


equivalent to 
ay ai 


(1 +a)? z l1+a’ 
which holds, since 1 + a; > 1. 
Assume now that the result holds for n — 1 variables, with n > 2. To prove 
the result for n variables, it suffices to show that 


l+ Sn — UFs = ET 


where Sn = a1 +a9+---+a,. After bringing expressions to common denom- 
inator and cross e the above inequality is equivalent to 


(Sn — an)(1 + Sn)? < (Sn + 32 — An)(1 + Sn — an). 
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Expanding both sides and simplifying yields a2 > 0, which is clear. This 
establishes our induction step and completes the proof. 


1 1 
Problem 4.3. Show that 2(vn + 1 — 1) < 1 + — +... + — < 2n. 
w that (VR FT-1) <1+ p+... be <2Vn 


Solution. The base case is n = 1, for which we have to prove that 
(V2 -1)<1<2. 


Assuming P(n) for some n > 1, for the induction step it suffices to show 


2(vVn +1- Jn) < = < 2(/n-Vn-—1). 


However, this is obvious if we rewrite it as 


| eo 


vn+1+ fava vn vn—-Vn—1 
Problem 4.4. Let x be a real number. Prove that for all positive integers n, 


|sinnaz| X n|sinz|. 


Solution. We prove the given inequality by induction on n > 1. The base 
case n = 1 is clear. 
Assume that our inequality is true for n > 1: 


|sinnz| < n|sinz|. 
To prove it for n + 1, observe the following 
|sin(n+1)z| = |sinnzcosxz+cosnzsinz| < |sinnz|+|sinz| < (n+1)|sin z], 
and we are done. 


Problem 4.5. Let n > 2. Find the least constant k such that for any 
a1,- .-,@n > 0 with product 1 we have 
ayjag a203 ana 
> et Ee ooo te. ee KK ‘A. 
(aî +a2)(a3+a1) (a +.a3)(a3 + a2) (a? + a1) (aj + an) 
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Solution. We shall prove that the answer is n — 2. 
Notice that if we put a1 = ag = .. = Gn_-1 = T, An = set) then as x tends 
to 0 we get arbitrarily close to n — 2. To prove the other part, observe that 
(a? +a2)(a2+a1) > (a? +a1)(a%+az). We use this inequality for every fraction 
and so it suffices to prove 
Domes 
(ai + 1)(aiz1 +1) 7 


We prove the above inequality by induction on n > 3. For the base case, since 
a1đa2a3 = 1, we can write 


2. 


pee eS 
y z L 
Then 
1 _ $1 r 1 
(a1 +1)(a2+1) (az+4)(a3+1) (as +1)(a1 +1) 
E a os 
(z+ y)(y +z) (x +z) + 2) (c+ y)(%+4+ 2) 
TY yz 5 Lz 


Cie 2 — =l 
sy +tyz+zr xy+yzł zr xy+yz+zr 

Assume now that the result holds for n — 1 variables, n > 4 and we prove 
it for n. Notice that unless aj = ... = an = 1 (in which case the inequality 
is immediate), there must be 1 < j < n such that aj > 1 > aj+ı. As 
the inequality is cyclic, we can assume without loss of generality that this 
happens for j = 2. Now we can replace az and ag with aga3 and prove that 
the expression decreases by at most 1. 

Indeed, we compute that 


— t l1 __ ___ all-a) zo 
(aı+1)(a2+1) (a1+1)(a2a3+1) (a1 +1)(a2 + 1)(a2a3 + 1) 7 


and 


ee te a E E a 
(a3 +1)(a4+1) (aza3 + 1)(a4 +1) — (ag + 1)(a4 + 1)(agaz + 1) 
a3(ae = 1) 


T (a3 + 1)(aga3 + 1) 
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Thus the decrease is at most 


1 a3(az—1) _ 1- a+ aa + agaz Be 


ease Ge lam eb Gees amo 


This shows that we can reduce the problem to n — 1 variables and by the 
induction hypothesis, we are done. 


Problem 4.6. Let a1, a2,...,a@n be integers, not all zero, such that a1 + a2+ 
-- +4, = 0. Prove that 


9k 
Jay + 2a +++» +2*-1a,| > re 


for some k € {1,2,...n}. 


Solution. Assume that 
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Jar + 2a2 +-- ior ‘a,| < = for all k € {1,2,...,n}, 
with a; integers. We prove by iduci on 1 < k < n that aj = a2 = ... = 
An = 0. 

For k = 1, the result is immediate, since |a1| < 2 < 1 necessarily implies 
ay = 0. 

For the induction step, if the result is true fori = 1,2,...,k — 1, then 


2 

3 > lay + 2ag +: + 27-ta] = ax, 

yielding |a,| < 2 < 1, and again a, = 0. This completes our induction step. 
Therefore, aj = ag =... = an = 0, which which contradicts the hypothesis 

of the problem. The result follows. 


Problem 4.7. Let n > 2 and aj,a2,...,@n E (0,1) with ajag...a, = A”. 


Show that 
1 1 n 


tie < —. 
ta Piga aed 
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Solution. We prove the result by induction on n. 
When n = 2, the inequality is equivalent to 


1 1 2 
Sat aoe Ss ae 
see 1l+y 1+ czy 


which after clearing denominators is equivalent to 


(2+2? +y?) (1+ ay) —2(1+ 27)(1+y’) <0 


(z — y)?’ (zy — 1) <0, 


which is true. 


For the induction step, set b = rae Then aiaz.. .an-1b = A”, so by 
the induction hypothesis we have E 
1 E 1 n 
P eta 
1l+a, 1+@-1 1+607 1+A 
Therefore, it suffices to show that 3 


1 sce 1 A 1 X 1 z 1 a 1 1 
lta, `` 1+anı 1+b 14+A71+aq, | Ltan 14+ p41’ 
or 

1 1 1 A 
eS S a NL 
l1+an l+anyı  1+A At+QnQni1 


By clearing denominators, this reduces to 
(an — A)(an+ı — A) (1 — anan+ı) < 0. 


We have from hypothesis that an, an+ı < 1, so the above inequality holds if 
and only if one of an, an+ is greater than or equal to A and the other is less 
than or equal to A. Notice that there must be some 1 < j < n + 1 such that 
aj—ı < A and a; > A and since the original inequality is cyclic, we can assume 
without loss of generality that this happens when j = n+ 1. This establishes 
the above inequality and thus the induction step, completing our proof. 
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Problem 4.8. (APMO 1999) Let aj,a2,... be a sequence of real numbers 
satisfying aj; <a; + aj for all i, j =1,2,.... Prove that 


a a a 
atte + tba, 
2 3 n 


for each positive integer n. 


Solution. We will prove this by induction on n. Note that the inequality 
holds when n = 1. 

For the induction step, assume that the inequality holds for 1 < k < n, so 
that we have 


ai > 4, 


a2 
aty > a2, 


a2 | a3 
att > 


gy OO 


a2 
Ga t-g 
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+ 
w|g 


By summing all these inequalities we get 
may + (m— 1S ++ > m Hat Han. 
We now add aj +...+ an to both sides and we obtain 
(nt) (art +... + 2) > (a1tan)+(aztan-1)+.. + (antar) > nans. 


Finally, by dividing both sides by n + 1 we get 


a2 An ~ NAn+1 
= +... + — > — 
atg t a rT 


i.e. 


a2 Q3 An+1 
ai + J =F 3 F Tatl 


2 An4+1- 
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Problem 4.9. (Tuymaada 2000) Let n > 2 be a positive integer and 
Z1,-..,;Zn be real numbers such that 0 < zk < + for all k = 1,2,...,n. 
Prove that 
n 
(—_* a) (2-1)... (2-1). 
zi t T2 +... +n Tı Tn 


Solution. We begin by proving that if x and y are positive reals with x+y < 1, 


then 
e o 


Indeed, we can rewrite the inequality in the form 


l-z- l—2r- 
= +1> ar +1, 
EA ( 2 ) 
which follows from ry < (= 2 a 
Using the inequality (1), one can easily prove by induction on m > 1, that 


whenever N = 2™ we have 


z 
egram 


Telegra 


<(ż-1) (5-1) @ 


Let now n > 2 be arbitrary and take m sufficiently large so that n < N = 2™. 
Let z1 +... + £n = nd, for some positive real d. We set £n41 =... = £N = d. 
Notice that we have zı +... + £y = Nd. Then the inequality (2) can be 


rewritten as N 
O E T ea, 
Nd heal IN 


which is further equivalent to 


G-1) <(2-1).....(4-1)-G-1)". 


We derive that 


Ces 1) 
zı T2 +... +N 


which is what we wanted. 
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Problem 4.10. (China) Let aj,...,a, be real numbers. Prove that the 
following two statements are equivalent: 

a) aj + aj > 0 for all i Æ j; 

b) If £1,..., £n are non-negative real numbers whose sum is 1, then 


aT +... + anTn > a7 +... + anz? 


Solution. We first assume that b) holds. For given 1 < i < j < n, we take 
zi = £j = 5 and we set x; = 0 for all the other possible values. Then the 
inequality in b) reads 
Qi + a; S urar 
Qi A 

from which we deduce a). 
Conversely, assuming that a) holds, wè shall prove b) by induction on n. We 
start with the base case n = 2. Noticé that from z1 + £2 = 1 we have 


ooks 


2 5 9 
a1 21 + a272 — a,x} — a9x5 = (a1 + a2)r122 > 0, 
D 


and we are done. 

Assume now that the result holds for some n > 2 and let 2,...,2%n41 be non- 
negative reals with sum 1. If z,41 = 1, there is nothing to prove. Otherwise, 
we have 


or 


n n 
(1 — n41) X ante > X apsk. 
k=1 k=1 
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We obtain that 


n+1 
2 akTk = (1 — Tn41) 3 akTk + Tn+1 3 akTk 


+(1 = E + an+1T241 


n+1 
> So anak + Enyi 5 Ogle + An41En41 Tk 
k=1 k=1 k=1 
n+1 
2 
> $ akh, 
k=1 


where the last inequality follows from the fact that (akg + an+1)£k£n+1 > 0, 
for all k, by a). This completes our proot 


Problem 4.11. (USAMO 2000) Let ar, b1, a2, b2,..., An, bn be non-negative 
real numbers. Prove that 


n 
5 Ban > min{a;b;,a;b;}. 


ij=1 
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Solution. Define 


L(a, 61,...,@n; bn) = 5y (min{a;bj, ajbi} — min{a,a,;, bib; }). 
ij 
We shall prove that L(a1,b1,...,@n,6n) > 0 by induction on n. The base case 


n = 1 is clear. 
We have the following identities, which are easy to check by hand: 


e L(a,,0, a2, b2, b .) = L(0, bi, a2, ba, -e .) = L(a, bo, ee a); 
e L(x, 2, a2, be,...) = L(a2,b2,...); 
e L(aj, b1, a2, b2, a3, b3,...) = L(aı +a2, b1 +b2, a3, b3,...) if ay /b1 = a2/b2; 


e L (ay, b1, a2, b2, a3, b3,.. .) = L(az — bı, b2 — a1, a3, b3, . F .) if a1/b1 = be /a2 
and a1 < bo. 
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These would be enough to perform the induction step, unless we are in the 
following case: 


1. All of the a; and b; are non-zero; 

2. Fori=1,...,n we have a; Æ bi; 

3. For i = j, a;/d; x a; /b; and ai/bi x b;/a;. 

For i = 1,...,n, let r; = max{a,/b;, b;/a;}. Without loss of generality, we 
may assume that 1 < rı <...< Tn and a; < bı. Notice that 


f(z) = L(a, T, a2, be, +++) An, bn) 
is a linear function of x in the interval [a1, r2a1]. Explicitly, 
f(z) = R zai} — mina, x°} + L(ag, ba, ..., An, bn) 


+2 5 (min{a1b;, zaj} min{a,a;,rb;}) 
j=2 p 


= (x — aı)(aı +2, cp +) + L(az, b2, ..., An; bn), 


&. 
Il 
N 


M4 
„Telegr Ea math_ 


where c; = —b; if aj > bj and cj = aj if aj < bj. 
In particular, becak f is linear, we have 


f(x) > min{f (a), f(r2a1)}- 
Note that f(a1) = D(a1, a1, a2, be,...) = L(ae,be,...) and 


f(r2a1) = L(a1, r201, a2, b2,...) 


_ L(aı + a2, r2a1 + be, ag, b3,...) if re = b2/a2, 
L(az = T201, b2 = aı, a3, bs, Ka .) if T2 = az/b2. 


Therefore, we deduce the desired inequality from the induction hypothesis in 
all cases. 


Problem 4.12. (Romania TST 1981) Let n > 1 be a positive integer and 
let £1, T2, ..., Zn be real numbers such that 0 < £n < Tn-1 < ... << T3 < T2 < 
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xı. We consider the sums 
Sn = T1 — T2 + ... + (-1)?ep_1 + (+1)? 2; 
Sy = 0? — z2 +... + (-1)"22_, + (-1)"*12?. 
Show that s32 < Sy. 


Solution. We first prove by induction on n that 0 < spn: 

When n = 1, the result is clear, as x; > 0. 

For n = 2 we have sg = £1 — q2 > 0, since 21 > q2. 

Assume now that the result holds for n — 1 and n, where n > 2. 
If n is even, then 


Sn41 = Sn + (1) Pent = Sn + In41 > 0, since Sn 2 0, Tn+1 > 0. 
If n is odd, then 


Sn-1 20, and 2n4i1 < In. 


m: Qmath book 
a 


Sn+1 = Sn-1 + In — In+1 > 0, 


In both cases, the result holds for n 421, which completes the induction step. 
We now prove that s2 < Sn by induction of step 2. 
For n = 1, we have s? = x? = Sj, so the result holds. 
For n = 2, 
s? = (£1 — 22)” < (£1 — 22)(a1 + £2) = 2? — 23 = S2. 


Assume now that the result holds for all values up to some n > 2. 
We prove that it also holds for n + 2: 
If n = 2k + 1, k > 0, then 


2 2 
$9443 = (S2k+1 — T2k+2 + T2k+3) 


2 2 
= $5441 — 2S2k+1(22k+2 — T2k+3) + (L2k+2 — T2k+3) 
2 2 2 
< Sop. — 232k+1(L2k+2 — T2k+3) — Longe + L3k43 + 2o~42 — 2T2k+2T2k+3 
2 2 
= S2k+1 — Lope + Lop43 — 2(L2k+2 — T2k+3)(S2k+1 — T2k+2) 


= Son43 — 2(L2k+2 — T2k+3)S2k+2 < S2k+3- 
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If n = 2k, then using what we have established above, we have 


S340 = (S2k+1 — T2k42) 
= 85441 — 2S2k41T2k4+2 + C3 p49 
< S2k+1 — T3k42 — 282k+1T2k+2 + 20.42 
= Sop+2 — 202k4252k-+2 


< S2k+2, 
as required. 
Problem 4.13. Let 1 = zı < ag < ... < n41 be non-negative integers. 
Prove that 


1 


Vr. — T a/n — T 1 
MECENA RR C E oa 


par $ 

T2 In41 
Solution. We prove the inequality by induction on n. 
For n = 1, the result is clear, as 


Veci 2224 
T2 = 2 ` 


Assume now that the statement holds for some n > 1. 
Let 1 = z1 < £2 < ... < Ln41 < n42 be positive integers. Then 


yT2— T1 V T3 — T2 yTn+2 — Tn+1 


AREE R 
T2 £3 Tn+2 
La AE p T a A E 
T2 T3 Tn+2 
<( l + +—)+ + > + + : 
Sed PO a hc Fae or aes 
ADi 1 
-2 3 ns In+2. 


We now have two cases: 
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Case 1. If £n42 < (n+ 1)?, then 


1 1 1 1 
an rs 


gal 1 
2'3 Tna 2 


+.. 5 


So the statement also holds for n + 1 in this case. 


Case 2. If £n+2 > (n +1), then 


VEn+2 — Ent — VEn+2—1 


Tn+2 ~ Tng2 
a a 
Tn+2 Tn+2 
1 1 
< S a ee 
b(n+1) (n+1)4 
MEn 
fn +1)? 
Hence, we have that ; 
oii 4 Venti Tn y Tn+2 — Ln41 
T2 Tn+1 Tn+2 
1 1 yT =E 
<S1+E+... t t 
2 n Tn+2 
1 1 vn?+2n 
Soh ae eg eo anr 
2 n (n+1) 
1 1 2n+1 
1l+-—+.. 
Sie aera Corny 
m e ite ee ae : 
E © on? (n+1)}? (n+ 1)? 
2n+1 
Day Cites nee ee 
2 "0") ee Tye 


apee ee ae 
+ mane <itgtet 
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So we have established the induction step in the second case as well, completing 


the proof. 


244 Chapter 10. Solutions 


Remark. If 1 = zı < z2 < ... < £n+1 are non-negative integers, then with a 
little more effort it can be shown that 


n2 
y T2 — T1 EN: V Tn+1 — Tn < ie Z 1 
T2 Enyi <i 2 


Problem 4.14. Prove that 


n 
; 3 
5 |sin(2’x)| < 1+ Sa, 
i=0 
where n is a non-negative integer. 


Solution. We begin by proving that 


4_ books 


sin 22| < 


2| sin z| + | 
We have that 


2 | 
2| sin z| + | sin 2z| = A y (3 — 3| cos z|)(1 + | cos z|)’ 


where the inequality follows from AM-GM. 
We now return to the original problem. An easy induction on n > 1 shows 


that : 
2 — 1 3 
3! sina + 2 | sin 2’x| + 3 sin 2"e| < Da 


legram:@m 


e 


I 


The base case n = 1 is just the previous inequality divided by 3. The inductive 
step follows by just adding the n = 1 case with x replaced by 2”z. 
To finish the problem, we simply add to the inequality above the easy inequal- 
ity 

lanaj nasi 

zlsinz| + 3! sin z| <1. 
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Problem 4.15. Prove the following inequality 
2(a2012 4 1) (52012 4 1) (2012 +1) > (1 + abc) (a2?! + 1) (B24 + 1)(c2! + 1), 
wherea>0,b>0,c>0. 
Solution. We begin by proving the following lemma: 
Lemma. If a > 0 and n is a positive integer, then 
21+e" tf > 14+a)0+e). 

Proof. We prove the statement by induction on n. For n = 1, we need to 
prove that 

2(1 + a”)? > (1 +.43)(1+4)°. 
We have that 


2(1 + a”)? — (1+ a®)\(1 Fa)? = (a — 1)4(e? +a + 1), 


@ matky books 


hence > 
2(1 +a)? > (i+a%)(1+a)?. 

Assume now that the statement holds for n = k, where k is some positive 

integer. We show that it also holds for n = k + 1. 

From the induction hypothesis, 


2(1 + aft!) > (1 +a) (1 + af)’. 
On the other hand, 

(1+ at?) (1 +a") > (1+ at!}. 
Thus, 


1 +e) 


k+2)3 _ k+1)3 
2(1+a°™ )? =2(1+a (a 


ey 


> q+ atta +a) ( a 


= (1 +a) (1 + attt)’. 
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Therefore, 
2(1 + a+?) > (1+ a®)(1 + att). 


This completes the induction step and hence the proof of our lemma. 
For a, b, c positive reals we have 


(1+ a°)(1 + 6°)(1+¢°) > (1+ abc)? 


(one way to prove this for example is to expand both sides, reduce the common 
terms and then use AM-GM twice). Combining this fact with the lemma we 
proved above, we have that 


(21a? fs 1? $ 1) (0? ao 1))3 
= 2a 2012 1) s2 (5012 y 1) -2( c12 4 Ty 
(1 +a 3) (a201 + 1)°. (1 +Y p2011 a 1)3. (1 ee) (ee ai 1) 


2 
> (1 + abc)?(a7011 a8 1) (8201 4 1)? (21 T 1)8. 


We deduce that 


Telegram: @ mé 


2(a?0!? a Lee? ae 1) (2? Ẹ 1) > ( aÈ abc) (a 2011 a 1) (b201 F 1) (201 + +1), 
which is what we wanted. 


Problem 4.16. Prove that for any n € Z, n > 14 and any z € (0, >) the 
following inequality holds: 


sin2x sin3z sin(n + 1)x 
sinag sin2Qcx `` sin ngr 


< 2cotz. 


Solution. We have that 


in(k +1 
sik A = cos x + sin g » cot kx, 
sin kx 
for k =1,...,n. Hence, it suffices to prove that 


sin z - (cotz +... + cotnzr) < cosz- ( 


2 
sin x -n). 
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Note that kz € (0, 5): fork=1,...,n 


247 


T 
We now use the fact that if 0 < a < —, then sina < a < tana. Therefore, 


2 


1 1 1 
i : t t(2 wits t : — +... + — 
sin g - (cot x + cot(2x) +... + cot(ng)) < z (c++ E 
E S 
ore 
On the other hand, 
Msid D 
and i 
3 27 337 
— = T2 Lani 2. —-1= —. 
pg eg a 392 
Thus, 3 
pease! 
128° 28° 
We obtain that Fe 
cosg: (njo lor, 4 A mean 
sin x 12 =r 28 35 


So it suffices to prove that for n = 14,15,... 

Da 
35 ` 
We do this by mathematical induction on n > 14. 


1 
Lay eae 
n 


For the base case, we show that the statement holds for n = 14: 


1 1 1 1 1 1 1 


9 
a ae eee ie Gee a eet 4 


2 14 2 6 7 14 4 5 14 


14. 


Assume now that the statement holds for n = k > 14, k € Z. We prove that 


it also holds for n = k + 1. 
We have that 
1 1 1 9 1 9 1 
= =n 
Pepe a ae sre 35 k+ 15 


briet (k+1). 


This completes the induction step and thus the proof of the question. 
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1 
Problem 4.17. Let A, = 3 toteeet 5, n > 2. Prove that 


1 
3 
efr > Yn! > 24n, 


Solution. We first prove the inequality e^” > Ynl!: 
By the AM-GM inequality we have 


7 124... 1 
Yni < +2 + inont 


Since 
TA”? 1 1 n+1 1 
1+-] <e = l+- <er = — <er, 
n n n 


for any positive integer n, we have 


i m % 
1 k+1 sn+1 n+1 z 
er> [| = = e x = e" > —— > Vn. 
k=2 k F z2 2 


We now prove that Yn! > 24r, Note that 
n+1> gt Arinan n>2. 
Indeed, since 
(n +1) Angi — nAn = (n +1) Ap +1- nAn =1+ An 
then 


n+1>20tIAninAn e n41 >2ltAr e 24r < lE n>a. (1) 


We will prove inequality (1) by induction on n > 2: 
If n = 2, then 249 = v2 and V2 < 5 => 8 <9. 


ntr > 224. Indeed, by the AM-GM 


For the induction step, note that 
Inequality 


mW = a ee 


nt+1 n+l 


4. Inequalities 249 


a 2 ee i 1 
So 2H < a= I and by the induction hypothesis, 247 < E hence we 


have 

n+1 n+2 
2 n+l 
We now prove that Yn! > 24r for all n > 2, by induction on n: 

For n = 2, we have 2! = 2242, 

Assuming the result for some n > 2, we have that n! > 2"4. Using that 


gAn ont < => QAntH < 


n+2 
> 


1 
gAn < PEL, 
we have 
(n+1)!=(n+1)n!>(n+1)2" 
> o(n+1)An+1—nAn 5 MAn 
B 

= g(n+An+1 : 

Then z 


n! > Pir os Ynt> An for any n > 2. 
Problem 4.18. Show that if z1, 272,...,2n € (0,1/2), then 


T1T2... TEn (1 — x1)... (1 — Tn) 
(ay tao+...+2n)" T (1-21) +... +(1— £n)" 


Solution. We prove the result using Cauchy induction. We first prove the 
result when n = 2¥, by induction on k. 
If n = 2, we must prove 


T1T2 < (1 = x1)(1 = £2) 
(a1 +22)? T (2-21, — 22)? ’ 


or 
L122 [4 — A(x, + z2) + (a1 + x2)°] < (x1 + £2)? [1 — (£1 + 22) + z122]. 


This in turn gives (x1 — r2)*(1 — 21 — £2) > 0, which is true. 
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To pass from n to 2n we see that 
L1LQ..-LnEn41...L2n 
(z1 +... +2n+2n41 +... + Len)?” 
L1LQ...Ln ; Ln+1---L2n 
(ti +ao+...+2n)" (n41 +... + Tn)” 
(£1 +... +2n)"(2n41 +... + Lan)” 
(£1 +... +n + Tn41 +--+ Zon)?” 
T1T2 ... Tn . Tn+1 -Tn 
(ti +2 +... +n)” (n41 +... + Zen)” 
£1 +... + Tn n1 +... + Loan 
n n 
(Zee ae) 
n on 
(1 — z1)... (1 — Tn) % (1 — n41)... (1 — Tan) 
(=r IA en [(1 — inta) +... t (1 — tan)!” 
(ee) (ee y 
n E n 
(E ee 
n i 2n 
(1 — z1)... (1 — Zan) 
(1 = 21) +... + (1 — £2m)” 
Assume now that our assumption holds for n and let us prove it for n— 1. To 


do this, take £n = tatt, Then 


Tı +... + Zn-1 

n—-1 

a 
n-1 


L1{XQ..-Ln-1 


(cy trot.. + tna + 


ti F- Fän- 
(1—21)(1 — z2)... (1 — £m-1)(1 — ote 

zti +... + Tn- \ |” 
which after reducing the common terms in the numerators and denominators 
becomes exactly the inequality we wanted. 
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Problem 4.19. (ELMO 2013 shortlist) Let n be a fixed positive integer. 
Initially, n 1’s are written on a blackboard. Every minute, David picks two 
numbers x and y written on the blackboard, erases them, and writes the 
number (x + y)* on the blackboard. Show that after n — 1 minutes, the 


n2— 
number written on the blackboard is at least 24 3 r 


Solution. We prove the result by induction on n. When n = 1, the claim is 
obviously true. 

Suppose now that the result holds for all n < N, with N > 1, and consider 
a blackboard with N + 1 1’s written on it. After N — 1 minutes, we are left 
with two numbers a; and az on the blackboard. 

Let Sı be the set of 1’s (from the original set consisting of N +1 1’s) which 
were involved in the computation of a1, and S2 be the set of 1’s involved in 
the computation of ag. Put sı = |S¥¢| and s2 = |S2|. Note s,,s2 > 0 and 
sitsg=N+1. g 
By the induction hypothesis, 


C 


am: @ math_b 


celebs: 
A 


4s2—4 4s2—4 
aah A Pia o 
a1 >23 a225. 


I 


By the convexity of the function f(x) = 27, we have 


2 2 
485-4 


4 4s1—4 4 
(a1 +a2)* = (275 +2753 


4s2+4s2—8 4 
> (t) 


4 


4(N+1)2-4 
> = 2 3 


(sı +s2)?—1 
2 3 3 


` as desired. 
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5 Sequences and Recurrences 


Problem 5.1. The sequence (@n)n>1 is defined by a; = 2 and 


2+ an 
1— 2an” 


Prove that all its terms are nonzero. 


An+2 = n>l. 


Solution. The recurrence of (an) resembles the formula for sum of tangents. 
Indeed, if 2 = tan t, an = tan bn then 
tan(bn) + tan(t) 
1 — tan(b,) tan(t) 
Thus we can assume bn+1 = bn + t. This gives by induction on n the relation 
an = tannt. So we reduced our question to showing that tan nt is never zero. 
We prove by induction on n that=there exist polynomials Pn, qn € Z[X] 
such that E wan 
—Gn(tan(t)) 
For n = 1, we take pı = t,q = 1. Next, 


ün+1 = = tan(b, +t). 


nit 
+ palh = tqn(t) + pn(t) 


tan (n + 1)t = tan(nt + t) = ——"s = ; 
( ) ( ) 1-1 qn (t) — tpn(t) 


So we may take pn+1(t) = tgn(t)+Pn(t), nti(t) = qn(t)—tpn(t). Moreover, 
the same recursion and an easy induction show that p,(2) = 2” (mod 5) and 
Qn(2) = 2"-1 (mod 5). 

In particular, pn(2) is nonzero and therefore an # 0. This completes our 
proof. 


Problem 5.2. Let (an)n>0 and (bn)n>0 be sequences defined by 

An4+3 = Ont2 + 2an41+4n, n = 0,1,..., ao = 1, a1 = 2, ag =3 
and 

Bisa = bets Ob eh hee Oe ot Osby Op bs Sas 


How many integers do the sequences have in common? 
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Solution. Clearly a3 = b3 = 8, while a4 = 16, a5 = 35, ag = 75, and b4 = 12, 
bs = 29, bg = 61. Note that for n = 4,5,6, an > bn > Gn_1, and an easy 
induction shows that for any n > 3, 


An+3 = Any2 + 2an+1 + an 
> bn+3 = bn+2 + 2bn+1 T bn 
> Anti + 2an + An-1 = An42. 


Therefore, since this inequality shows that both sequences are strictly in- 
creasing, no bn for n > 4 may appear in (an), and the only values that appear 
in both sequences are {1,2,3,8}, while the only n’s for which a, = bn are 
n = 1 and n = 3 with a; = bı = 2 and a3 = b3 = 8. 


Problem 5.3. (India 1996) Define a sequence (an)n>1 by a1 = 1 and az = 2 
and an+2 = 2an41 — an + 2 for n > le Prove that for any m > 1, @mam+4i is 
also a term in this sequence. 


ath_boo 


Solution. We first prove by induction on n> 1 that a, = (n — 1)? +1. 

The base cases n = 1 and n = 2 are satisfied from the hypotheses. 

For the inductive step, we assume that the result holds for all values up to 
some n > 2 and we prove it for n + 1=We have 


An4+1 = 2an — An—1 + 2 
= 2(n — 1)? +2—(n—2)? -142 
= (n — 1)? +2(n-1) +2 =n? 41, 
as required. 
Therefore, 
OmOm+1 = |(m — 1)? + 1]{m? + 1] 
= [m(m — 1)? + 2m? — 2m +2 = [m(m-1) 41)? +1 
= Am(m—1)+2° 


Problem 5.4. (Russia 2000) Let a1, a2,...,@n, be a sequence of non-negative 
real numbers, not all zero. For 1 < k < n, let 

Qk—i+1 + Ak—i+2 t... + Ak 

1<i<k i ` 
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Prove that for any a > 0, the number of integers k which satisfy mą > a is 
less than S-ta2+-tan | 


Solution. We prove the statement by induction on n. For n = 1, we have 
mı = a,. If @ > a, then there are no k with mą > a, so the claim holds 
trivially. If œ < a1, then there is exactly one such k and 1 < a/a. This 
establishes the base case. 

Assume now that the result holds for all integers smaller than some n > 1. 
Let r be the number of integers k for which m, > a. 

If mn < a, then the sequence aj, a2,...,@n—1 also contains r values of k 


for which mz > a. By the induction hypothesis, 


ay t+agt...+a@n-1 ay +a2 +... + an 
pL KO Mm @ ———_ , 
a a 


books 


as desired. 
If instead Mn > a, then there is some 1 < i < n such that 


O+...+An 


ra mat 


An—i+1 + Ani 
i 


>a. 


gran 


eg 


Fix such an 7. The sequence aj,...,a,_; contains at least r —7 values of k for 
which Mmg > a, so by the induction hypothesis we have 


ay t+agt...+ ani 
DE ts oe 


T-i< 
Then 
(ay tag t+... + an—i) + (an-i+1 +... + an) > (r — ija + ia = ra. 


Now we divide by a and we obtain the desired inequality. This completes our 
proof. 


Problem 5.5. (USAMO 2003) Let n 4 0. For every sequence of integers 
A= a0,@1,02,...,@n satisfying O<a;<i, for i=0,...,n, 
define another sequence 


t(A) = t(ao), t(a1), t(a2), aata ,t(an) 
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by setting t(a;) to be the number of terms in the sequence A that precede the 
term a; and are different from a;. Show that, starting from any sequence A as 
above, fewer than n applications of the transformation t lead to a sequence B 
such that t(B) = B. 


Solution. Consider some sequence C = co,...,Cn as the image of A after t 
has been applied some finite number of times. 

Lemma 1. If t(ck) = ck = j, then cj =- = Cji = ss = CR = J (OSI 
k— j). 

Proof. Since the j terms co,...,c;—1 are all less than j, no other terms that 


precede cy can be different from cx. 
Lemma 2. If t(c,) = ck = j, then t? (ck) = t(ck) (here f?(x) = f(f(z))). 


Proof. Since only i terms precede the term c;, we will have t™(c;) < i, for 
any integer m. This means that we will always have t™(co),...,¢(cj-1) < J. 
This means that cj; = t(cj) = --- = cy = t(ck), and the lemma follows by 
iteration. > 

Thus we may regard a term ck as stable if t(ck) = ck. We will call a 


sequence stable if all of its terms are stable. 


m:@ mat 


Lemma 3. If ck = j is not stable, then t(ck) > cp- 


Proof. We have co,...,Cj-1 < j, so we always have t(ck) > cy. Equality 
implies that cx is stable. 

We will now prove the problem by induction on n > 1. When n = 1, we 
have one of the sequences 0,0 or 0,1, both of which are stable. 

Now, suppose that t”~?(ag),...,¢”~?(an_1) are stable. We must then have 
t”-2 (an) E {n —2,n—1,n}. If t-*(an) = n, then the sequence is already 
stable. If t”~?(a,) = n — 1, then either it is already stable or t”~1(an) = n, 
which is stable. If t”~?(a,) = t”~?(an_1), then t”~?(an) must already be 
stable. 

The only possibilities remaining are t”~?(a,) = n — 2,t”~?(an_1) =n—1 
and t”~?(an) = n — 2,t"~?(an_i) < n — 2. In the first case, we must have 
tl (an) equal to n — 1 or n, both of which will make it stable. In the second 
case, we must have t”~?(an_2) = t"? (an-1) < n — 2, giving us t”i (an) = n, 
which will make it stable. This completes our induction. 
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Problem 5.6. (Russia 2000) Let a1, a2,... be a sequence with a = 1 sat- 
isfying the recursion 


Qn—2 if dn —2 ¢ {a1,a2,...,dn} and a,—2>0; 
Anti = A 
an +3 otherwise. 


Prove that for every positive integer k > 1, we have an = k? = an_1 + 3 for 
some n. 


Solution. We use induction to prove that for all non-negative n, a5n41 = 
5n + 1, Gonzo = 5N + 4, a5n+3 = 5N + 2, a5n+4 = 5N + 5 and Asnis5 = 5N + 3. 
The base case n = 0 can be verified easily from the recursion. 

Now assume that the claim is true for all integers less than some n > 1. 
Observe that by the induction hypothesis, (a1,a2,...,@5n) is a permutation 
of 1,2,...,5n. Thus a5, — 2 = 5n £ 4 is included in this set, and hence 
a5n+1 = Asn + 3 = Sn + 1. Similarly; Q5n42 = a5n+1 +3 = 5n + 4. On the 
other hand, asn+2 — 2 = 5n+2 is not in {a1, a2,...,a5n42}, SO d5n43 = 5n4+2. 
Continuing in this fashion, we find that a5n+4 = A5n43 +3 = 5n + 5 and 
a5n+5 = Asn44 — 2 = 5n + 3. This completes the induction. 

Each positive integer greater than 1 is included in the sequence ag, az3,... 
exactly once. Also, all squares are congruent to either 0,1 or 4 (mod 5), 
respectively. From above, for any n > 1, in one of these residue classes we 
have an = an-ı + 3, and this completes the proof. 


Problem 5.7. Let (%n)n>1 be defined by the relations zı = 1, and 


Tn n 
TA e Re n>1. 


Tn 
Prove that |x2| =n, for all n > 4. 


Solution. Let a 
hasz t 


Notice that f is decreasing on [0, n]. 
We have to prove that yn < £n < Vn +1 for n > 4. However, we cannot 
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prove the statement in this form by induction, because yn < /z, < /n+1 
implies 


fn(Vn +1) < Vn < fa(Vn) 
or 
n yn+1 1 
Tari + z < n41 < VN + Se 
and while 
n yn+1 
Vv 1< ; 
n+ rare | + = 
we actually have i 
yn + Va >vVn+2 


(just square to see this relation). 
So we should strengthen the relation Tn > Vn to perform the induction 
step. How do we strengthen it? We see ‘that the other endpoint of the interval 


gives a better lower bound for £n+1: vail BEd g Tan instead of yn +1. If we 
replace n + 1 by n we get z 


We therefore try to prove by induction that 


TEN : <n <vVn+1. 


—1)/n 
As 
n+ a a ie ae 
HD) OEE are 
one part of the induction is done. So we need to prove the other part, namely 
1 
vn + ace) <vVn+2 
a gi <r 


which can be rewritten as 


1 1 vn 
a a e a S 2 
a ee -2 <vVn+2, 
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or 
1 1 Vn 
—-v 2) + ————_. < c. 
ae REE Re hn n?-n+1 
In order to evaluate differences of radicals, we shall use the identity 
a2 — b2 
-b= . 
ý a+b 
So we get 
1 (mtt) -n-2 1 
n+ — -Vn +2 = >M < f 
vn Jn Vn+2+Jn+ Fe Qn/n 
Wealketavess= = a2 1 ae So 
n(n=1)yn ~ 2nyn § =` 
1 zl 1 Vn 
— — Vn +1) + —s < —- << _ * 
(WAR na a yn A n?-n+1 


and the induction step is proved. 
We are now left to check the base cases. We have 


1 
E A Sik e 


So z4 — V4 = $= CETE. and also x4 = 2+ % < v5. This completes our 
proof. 


Problem 5.8. (Russia 2000) For any odd integer aọ > 5, consider the 
sequence ag, @1,Q2,..., where 


. —5 ifan is odd; 
ûn+1 = 


. . ? 
p5 if an is even 


for all n > 0. Prove that this sequence is not bounded. 
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Solution. We use induction on n to show that ag, is odd and that ag, > 
agn-3 > ++: > ao > 5, for all n > 1. The base case n = 0 is true from the 
hypotheses of the question. 

Assume now that the result holds for all integers less than some n > 1. 
Because asn is odd, agn = 1 (mod 8) and hence a3n41 = a2, — 5 = 4 (mod 8). 
Thus agn+41 is divisible by 4 but not by 8, which implies that agin41) = “3+ 
is indeed odd. Moreover, agn > 5 by the induction hypothesis, which implies 
that a3, > 5a3n > 4agn + 5. This shows that dgin41) = (aĝ, — 5) > asn, 
which completes the induction and shows that the sequence is unbounded. 


Problem 5.9. (China 1997) Let (an)n>1 be a sequence of non-negative real 
numbers satisfying Qnim < an + am for all positive integers m, n. Prove that 
ifn > m, then 


n 
an < Ma +{* — 1) am- 
sal 


Solution. Note that a simple induction on k shows that if we set ag = 0, then 
for any non-negative integers r and k ‘we have 


Okm+r <a, + kam. 
The base case k = 0 is trivial and the induction step is simply 
A(k41)m+r £ Om + akm+r Sm + (ar + kam) = ar + (k + 1)am. 
In particular, taking m = 1 and r = 0, we get a, < kay. 


To solve the problem, we writen = km +r with k >land0O<r<m-l. 
Note that r < m gives k > n/m — 1. Then 


n n 
an = Akmtr < kam + ar < (Ceen tetr 2) on tae 
m m 


< (2-1) am + (mk +m- n)a +ra = ma + (2 ~1) am. 
m m 


Problem 5.10. Let n > 2 be an integer. Show that there exist n+ 1 numbers 
©1,22,---,En41 E€ Q\Z, so that {x3} + {x3} +... + {23} = {x3,,}, where 
{x} is the fractional part of z. 
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Solution. Notice that if y1 < y2 < ... < Yn+2 are positive integers such that 


yi tygte+yRay = 55) (1) 
then the numbers zx, = a for 1 < k < n and tpi = pve satisfy the 


required conditions. 

We now show by induction of step 2 that numbers satisfying (1) exist for 
every n > 2. 

The equalities 3° + 43 + 53 = 63 and 33 + 153 + 213 + 36% = 393 settle the 
cases n = 2 and n = 3, respectively. 

For the induction step, notice that if 3 < yo < ... < Yn41 < Yn+2 aren+2 
integers satisfying (1), then 3 < 4 < 5 < 2y2 <... < 2yn4i < 2ynyo are n + 4 
integers satisfying (1) as well. 


Problem 5.11. Let (an)n>ı be a sequence of real numbers such that 
an 


zn? for n>1. 


a, =a2=1 and an+2 = Angi + 


m:@ math|boo 


Prove that a, < 2 for any n > 1. 


Solution. We will show more strongly that 
Pr j 
an S2- gaa 
for n > 2 by induction on n. Note that this implies in particular that an < 2 as 
desired and this simpler inequality also holds for n = 1. The base case n = 2 
follows from the hypotheses. For the induction step, suppose the inequality 
holds up to n — 1, then we have 


An-2 < 1 2 1 


On = On-1 + aang S2— a + gana = 2 a 


Note that since we only used the weaker bound on an-2, the argument for the 
inductive step is valid even for n = 3. 


Problem 5.12. (IMO 1995) The positive real numbers x, 21,..., £1995 Sat- 
isfy xo = £1995 and 


1 
= 224 a eee 
Ti—1 Ti 


for i = 1,2,...,1995. Find the maximum value that zo can have. 


tit 
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Solution. The given condition is equivalent to (2x; — xj~1)(xixi-1 — 1) = 0, 
so either x; = izi or ti = z 
We shall show by induction on n that for any n > 0, £n = 2kn gên, for some 
integer kn, where |kn| < n and en = (—1)"~*". Indeed, this is true for n = 0. 
If it holds for some n, eR Paai = itn = = Da ae 6” (hence kn+1 = kn — 1 and 
Cnt1 = Cn) OF Inqi = > = 27 Rages (hence AA —kn and en+1 = —€n). 
Thus £o = £1995 = ae xo. Note that e1995 = 1 is impossible, since in 
that case k1995 would be odd, although it should equal 0. Therefore e1995 = —1, 
which gives xe = Qhi995 < 21994 so the maximal value that rọ can have is 
2997. This value is attained in the case z; = 299’-* for i = 0,..., 1994 and 


x a 7 
£1995 = T1994 = 222 


Problem 5.13. (INMO 2010) Define a sequence (an)n>0 by ao = 0, a1 = 1 
and 


books 


On = 2dn—1 + Anta, for n> 2. 


a) For every m >Oand0<j<m, prove that 2am divides am+; + (—1) am-j. 
b) Suppose that 2* divides n for some: 2 natural numbers n and k. Prove that 
2* divides an. 


Telegrar 


Solution. a) We have 2am = am+1 — Qm-1- 
We will prove by induction on j > 1 that 2am| (@m+j + (—1)Jam-j). 
Suppose that this is true for all j < k. Then we have that 


2am | (2am+k + 2(—1)*am—z) - 
But 
2am+k + 2(—1)*dm—k = am+k+1 — am4k-1 + (—1)*dm—e41 + (-1)* am—K-1, 
SO 
2am | (am+k+1 + (51) P imap — (am+k-1 + (—1)*"1am—k+1)) ) 


hence 2am | (am+k+1 + (ED ig 


b) For a fixed m, we prove by induction on n > 0 that 


Aamtn = Am—-1An + Amân+1- 
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When n = 0, the identity holds since ag = 0 and a; = 1. Also, since 
a2 = 2a, = 2, we have that am41 = G@m—1 + 2am, which is true from the 
hypothesis. 

Assume now that the identity holds for all values up to some n > 1. Then, 
using the inductive hypothesis for n and n — 1 we have 


Amtnt+ = 2amin + Omtn-1 
= 2Am—1An + 2aman+1 + Am—14n-1 + Aman 
= Am—1(24n + An—1) + Om(2an41 + an) 


= Am—-14n+1 + @man+2, 


so the statement is proved for n+ 1. Since m was arbitrary, the identity holds 

for any m,n > 0. Notice that this implies in particular that if mn then am|an. 
So if we prove that 2*|aox, then the problem is solved because asx |an. 
From @min = @m—1An + Gm@n41, for m =n we have: 


@m 


a2m = Om{Qm—1 T Am-1) = 2am (@m-—1 + Am). 


oD 
Then 2am|a2m, and since ag = 2, ans easy induction gives now that Of laor, 
which is what we wanted. 


Problem 5.14. (IMO 2013 shortlist) Let n be a positive integer and let 


Q1,---,@n—1 be arbitrary real numbers. Define the sequences uo, ..., Un and 
v0,- , Un inductively by uo = u1 = vo = v1 = 1, and 
Uk+1 = Uk + akUk—1, Uk+1 = Uk + an—kVk-1 for k = 1,...,n— 1. 


Prove that un = Un. 


Solution. We prove by induction on k that 


Uk = Ss; Qij -Aige (1) 
0<i1<...<it<k, 
ij+1—ij22 
Note that we have one trivial summand equal to 1 (which corresponds to t = 0 
and the empty sequence, whose product is 1). 
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For k = 0,1, the sum on the right-hand side contains only the empty product, 
so (1) holds due to up = u = 1. For k > 1, assuming the result is true for 
0,1,...,k we have 


Uk+1 = 5 Qij -.- Qi, + 5 Aj, -.- Qi, © Ak 
0<i1<...<ie<k, 0<i1<...<i¢<k-1, 
ij41—-tj 22 tj41—tj 22 
= y Aj, +. Gi + DD Qij <- -Ai 
0<i1<...<it<k+1, O<i1...<ie<k+1, 
tj41—1j 22, tj41—-1j 22, 
kK {in,...,it} k€{i1,...,it} 
= Se Qi, <- Airs 
0<i1<...<ie<k+1, 
tj+1—ij22 
as required. 8 
j as 
Applying (1) to the sequence b1,..., bä given by by = an—p for 1 < k < n, we 
get © 
= nobi E ji oe ig 2 
Uk l 2 biz «+ Diy -oN D Qir +» Viz (2) 
t<...<te<k, È n>t1>...>t>n—k, 
4341-175 22 al ij—ij+122 


For k = n, the expressions (1) and (2) coincide, so indeed un = Un. 


Problem 5.15. (IMO 2006 shortlist) The sequence of real numbers 
ao, a1,a2,... is defined recursively by 
n 


ao = —1, Da “nak =0 


Show that a, > 0 for n È> 1. 


Solution. We prove the statement by induction on n > 1. 
For the base case, we note that a; = 1/2. 
Now assume that a1,...,@n—1 are all positive for some n > 2. We note 


n 
that an is positive if and only if 5y is negative. Now, since a1,...,@n—1 
k=1 


n-k 
k+1 
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are all positive, we know 


This implies that 
= An—k Re adek ao ao 
n n= 
< = =0 
ea al +50 pect ate k+2 n+1 n+l ‘ 


which is what we wanted. 


Problem 5.16. Let (@n)n>0 be a se nie ence defined by 


Prove that an + 2 is a perfect square br any n > 0. 


Solution. We prove the statement by induction on n. For n = 0, n = 1 and 
n = 2 we have that a9 + 2 = aı + 2 = 49 and az + 2 = 472, so the result holds 
in these cases. 

Assume now that the result holds for n — 1 and n, for some n > 1. Then 


2an+1 = anan—1 + y (a2 — 4)(a2_, — 4) 
gives 
4a? — 44n414nAn-1 + 4a ae l= az a2 _ 1 — 4a — 407, + 16, 
which simplifies further to 
a21 +02 +a2_1 = an41ānan-1 + 4. (1) 


By completing the square on the right side, we get 


(an+1 +an + Qn—1)° = 24n-10n + 2An—1An41 + 2AnGn+41 + Qn-1Anan41+4. (2) 
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We want to relate an-ı + 2 and an + 2 to an41 + 2 to be able to use our 
inductive hypothesis. Also, if we look at the right side of (2), we notice that 
it looks very similar to the factorization 


(an-ı + 2)(Qn + 2)(Qn41 + 2) = 4(an-1 + an + an+ı) 
+ 4(an—14n + On—14n41 
+ anan+1) + An—1AnAn41 + 8. 


So we add 4(an_1 + an + Qn41) + 4 to both sides of (1) and we obtain that 
(an-ı + an + an+1 + 2)? = (an-ı + 2) (an + 2)(an+ı + 2) 


Since we assumed that an_1 + 2 and an + 2 are both perfect squares, from 
the above relation we would be done i£ we knew that an41 was an integer. To 
prove this, we make use of (2). By Writing the relation for n and n + 1 we 
have E 


mat 


D 


2 2 2 E 2 2 2 
an+1 t an + Any = An414nAn—-1 + 4an42 + an+1 F An = An424n414n + 4. 
ep 
5 
Subtracting these two relations we get 
2 2 
On4+2 — Anyi = An414n(An+2 = an—1) = An+2 + An-1 = An+14n. 


We computed at the beginning that ao, a1 and az were all integers. So as- 
suming that a@n—1, Gn and G41 are all integers for some n > 1, from the 
above relation we have that an42 must also be an integer, by induction. This 
completes our proof. 


Problem 5.17. Let ao, a1,a2,... be an increasing sequence of non-negative 
integers such that every non-negative integer can be expressed uniquely in the 
form a; + 2a; + 4ax, where i,j and k are not necessarily distinct. Determine 
1998. 


Solution. We will prove that this sequence is unique, showing that an is 
uniquely determined, by induction on n. 
Clearly aj=0, so the base case holds. 


266 Chapter 10. Solutions 


Now, suppose we have proven that 
{ao,ai,...,} N{1,2,...,n} 


is uniquely determined. If n+ 1 can be written as x + 2y + 4z where z, y, z € 
{ao,a1,...,} N {1,2...,n} then it cannot belong to the sequence due to the 
uniqueness of this representation, while if not, it definitely must because such 
a representation should exist. So, whether n+1 belongs or not to the sequence 
depends only on the terms of the sequence smaller that n. As these terms are 
uniquely determined, the induction step is done. 

Therefore, it suffices to find an example of such a sequence. The expression 
a; + 2a; + 4ax is strongly related to base 8 expansion and with this idea in 
mind, we easily find that the sequence consists of those non-negative integers 
whose digits in base 8 are only 0 or 1,, Then we check that an is obtained by 
writing n in base 2 and reading the résult in base 8. In particular, 


S 


k 


ath_b 


| 
1998 = 210 + 29 + 28 E27 +28 + 28 +22 +21, 


E 
a1998 = 8'° + 8° + 87 + 83+ 8? + 8 = 1, 227, 096, 648. 
Problem 5.18. A sequence of integers a1, a2,a3,... is defined as follows: 


a, = 1 and for n > 1, an+ı is the least integer greater than an such that 
ai + aj # 3a, for any i,j and k in {1,2,3,...,n+1}, not necessarily distinct. 
Determine a1998- 


Solution. The first few terms of the sequence are 
1,3, 4,7, 10, 12, 13, 16, 19, 21. 


We notice that the above sequence consists only of numbers of the form 
3k + 1 and 3(3k + 1). So let us try to prove by induction on n that z < n 
belongs to the sequence if and only if x = 1 (mod 3) or x = 3 (mod 9). The 
base cases for n < 21 were proven above. 

For the induction step, we distinguish the following cases: 


a) n = 3k+1. Then n must belong to the sequence, as otherwise we would 
find a triple a; + a; = 3a, such that the largest of a;,a;,ax is n. Clearly 
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ak #n. Thus we may assume a; = n, so aj = 3ag — n = 2 (mod 3), which 
contradicts the induction hypothesis. 

b) n = 3(3k +1). n must belong to the sequence, otherwise we would, 
like above, find aj,a, < n such that a; = 3a, — n. As 3ag = 3 (mod 9) or 
3a; = 0 (mod 9), we find a; = 0 (mod 9) or a; = 6 (mod 9) , contradicting 
the induction assumption. 

c) n = 3k+2. Then n does not belong to the sequence, because one of the 
numbers k+1,k+2,k+3 is of the form 3m + 1, thus belongs to the sequence 
and we get 3k-+2+1 = 3(k+1) or 3k+2+4 = 3(k +2) or 3k +2+7 = 3(k +3) 

d) n = 3(3k +2). Then one of the numbers 3(k +1), 3(k +2), 3(k +3) is of 
form the form 3m + 1, thus belongs to the sequence and we get 3(3k+2)+3 = 
3(3(k + 1)) or 3(3k + 2) + 12 = 3(3(k + 2)) or 3(3k + 2) + 21 = 3(3(k + 3)). 

e) n = 9k. Then n does not belong’to the sequence, as 9k + 3 = 3(3k +1). 

From what we have proven it is clear that ask = 9k — 2, ask41 = 9k +1, 
ask+2 = 9k +3, ask+3 = 9k + 4. As 1998 = 4 - 499 + 2, we obtain 


a1998 = 9-499 + 3 = 4494. 


Problem 5.19. Let k be a positive ‘integer. The sequence aj, a2,a3,... is 
defined by a = k + 1, and ani = az — kan + k, n > 1. Prove that am and an 
are coprime (for m # n). 


Solution. We rewrite the condition as an41 — k = an (an — k) and from here 
an+1 — k = a1a2... an. So if m < n we get that am|an — k so it only remains 
to prove that (am, k) = 1. 

We do this by induction on m > 1. The base case m = 1 is verified from 
the hypothesis. 

For the induction step, notice that an+ı = a2 (mod k), which shows that 
(an, k) = 1 = (@n41, k) = 1, completing our proof. 


Problem 5.20. (Bulgaria TST 2011) Let (z,)n>i be a sequence defined 
by zı = 2 and 

32n +2 
ee 
Is this sequence eventually periodic? 


In41 = for all n> 1. 


268 Chapter 10. Solutions 


Solution. The answer is no. Assume by contradiction that there exist N,T 
such that for all i > N we have 2,47 = zi. Observe that 


x anes implies x ica Ua 
aaa p AN FEI 


so if 2n4147 = Zn+1, we must also have £n+r = Ln. This shows that we can 
take N = 1. 
Now let us assume that £n = a in its reduced form. Then 


fig P= 3Pn + 20m 

dn+1 3qn — 2Pn 
If we denote d = gcd(3pn + 2qn, 3qn — 2pn), we observe that we must have 
d = 1 or d = 13. Now we define two sequences Gn and bn by a; = 2, b1 = 3 
and GQn41 = 3an + 2bn, bn+1 = 3by, —Qan. One can check by induction that 
= 9-6" (mod 13) and bn = 7-6" (mod 13). Thus none of the terms are 
able by 13. Therefore, we have that Pn+1 = 3Pn+2qn and qn+1 = 3qn—2Pn. 

One can now prove inductively that 


Pai +d = Ge + g) =... 5 13”. 


By periodicity, there must be some n such that £n41 = z1 = 2, But then 
In = 0, so 13 | pn and then 13 | qn, which is a contradiction to pn and qn 
being coprime. Therefore, the sequence is not periodic. 


Problem 5.21. (St. Petersburg) Let (£n)n>1 and (Yn)n>1 be two sequences 


given by zı = io y = i and 


Ln41 = Tn + r2, Yn+1 = Yn + y2 for n> 1. 
Prove that for any positive integers m and n, we cannot have £n = Ym. 


Solution 1. Notice that zı = 0.1 and yı = 0.125. We prove by induction on 
n > 1 that the last non-trivial decimal of x, is 1, while the last non-trivial 
decimal of yn is 5. This holds for n = 1 from hypowieeis:. 


Assuming the result for some n > 1, we have £n = , for some positive 


To" 
integer x whose last digit is 1. Then %p41 = 10 ate Notice that the last 
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digit of 102 + x? is 1, which establishes the claim for £n41. A similar proof 
works for +41, Showing that £n and ym can never be equal. 


Solution 2. Notice that x2 = 0.11, z3 = 0.1221, x4 = 0.1221+0.1221? > 0.13, 
so £3 < 0.125 = yı < x4. We prove by induction on n that £n+2 < Yn < In43. 
We have just proved the base case. 

Assuming the result for some n > 1, we have tn42 < Yn < Zn43. An 
easy induction shows that all £n’s and y,’s are positive, so by squaring our 
inequality we obtain x2. < y2 < 22,3. Adding this to the original inequality, 
we obtain that 

In+3 < Yn+1 < Tn+4, 


completing our proof. 


Problem 5.22. (Taiwan 2000) Let, f : N* — N be defined recursively by 
f(1) =0 and 


foy=_ mex {76)4 fle-) +4), 


1<j<l4J 


for all n > 2. Determine (2000). 


legram: @ mg boo 


Solution. For each positive integer n5 we consider the binary representation 
of n. Consider the substrings of the representation formed by removing at 
least one digit from the left side of the representation, such that the substring 
so formed begins with a 1. We call the decimal values of these substrings the 
tail-values of n. Also, for each 1 that appears in the binary representation of 
n, if it represents the number 2¥, let 2* - g be a place-value of n. 

Let g(n) be the sum of the tail- and place-values of n. We prove by 
induction on n that f(n) = g(n). For convenience, let g(0) = 0. It is clear 
that g(1) = 1. It will therefore suffice to show that g(n) satisfies the same 
recurrence as f(n). We first prove that 


gln) = 99) + 9(n— j) +j, (1) 


for all n, j such that 0 < j < |3]. The relation is definitely true for j = 0, 
since we defined g(0) = 0. Now we induct on the number of (binary) digits of 
n — j. For the base case (when n — j has 1 binary digit), we can only have 
n— j = 1. In this case, (n,7) = (2,1) or (n,j) = (1,0), in which cases (1) is 
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easily seen to be true. Now we prove the induction step by distinguishing two 
cases: 


Case 1. If n — j and j have the same number of digits, say k +1. Let a and 
b be the numbers formed by taking off the leftmost 1’s (which represent 2%) 
from n — j and j. We want to show that 


g(n) = g(a +b + 2®+!) > g(2* + a) + g(2* +b) + (2% + b). 


Subtracting the inequality g(a + b) > g(a) + g(b) + b (which is true by the 
induction hypothesis), we see that it suffices to show that 


g(a +b + 2'*1) — g(a +b) > g(2* +a) — gla) + g(2® + b) — g) +2". (2) 
On the right hand side, g(2* + a) equals g(a) plus the place-value 2° - k and 
the tail-value a. Similarly, g(2* + b) =9(b) + +2. E 5 tb. Hence, the right aad 
side equals 


k k 
OP ae gees ah +a+b. 


2 2 
As for the left hand side of (2), To a < 2* and b < 2*, the binary 
representation of a+b+2*+! is simply the binary representation of a+b, with 
an additional 1 in the 2*+! position. Hence, g(a + 6 + 2*+!) equals g(a + b) 
plus the additional place value 2*+1 . £1. Thus, g(a + b+ 2**1) — g(a + b) 
equals the right hand side, proving the mequality i in (2). 


elegrg i @math_t 


k+1 
= 92k+1, 
2 


Case 2. If n— j has more digits than j, then let n — j have k + 1 digits and, 
as before, let a = n — j = 2%. We need to prove that 


gla +j +2") > gla +2) +g) +3 
We know by the induction hypothesis that 

gla + j) > g(a) + g(j) + min{a, j}. 
Subtracting, we see that it suffices to prove that 


gla + j + 2*) — gla + j) > gla + 2*) — g(a) + j — min{a, j}. (3) 
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We find as in Case 1 that on the right hand side, 
k k k 
gla + 2°) — g(a) =2° -5 +a. 
Hence, the right hand side equals 
k k eae k k ; 
2 "5 tatj—min{a, j} =2 -z t max{a, j}. 


On the left hand side of (3), if a+ j < 2" (i.e. so that the 2} digits do not 
carry in the sum (a + j) + 2"), then g(a + j + 2*) equals g(a + j) plus the 
additional place-value 2* - g and the additional tail-value a + j. Hence, the 
left hand side of (3) is indeed greater than or equal to the right hand side. 
Otherwise, if the 2° digits do carry inthe sum (a + j) +2*, then g(a+j+2*) 
equals g(a + j) plus the additional place-value 2k+1. EHL, minus the original 


place-value 2* - E, Thus, the left hand:side equals 


k+1 k k k 
2e ETT ok. aE 42h > 28. + maxfa,j}, 


so again (3) is true. This completes the induction. 
Hence, g(n) > eee eo) + g(n—j)+ 7} for all n. We now prove that in 
SISLE 


fact equality holds, by showing that g(n) = g(j) +g(n—j) +] for some j. Let 
2" be the largest power of 2 less than n, and set j = n—2*. Then g(n) equals 
g(n — 2") plus the additional place-value g(2") = g(n — j) and the additional 
tail-value n — 2° = j. 

It follows that f(n) = g(n) for all n. Hence, by finding the place- and tail- 
values of 2000 (with binary representation 11111010000), we may compute 
that f(2000) = 10864. 


Problem 5.23. (Taiwan 1997) Let n > 2 be an integer. Suppose that 
Q1,@2,...,@n are positive real numbers such that k; = Tirta is a positive 


integer for all i (here ap = an and an41 = a1). Prove that 


2n < ki +k +... + kn < 3n. 
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Solution. Notice that 


n . . 
batty = D(H) 
t 


i=1 \Gi+1 


So the first inequality follows from AM-GM. 

For the second inequality, we prove by induction on n that kj+...+kn < 3n 
for n > 3. 

The base case is n = 3. By symmetry, we can assume without loss of 
generality that a; is the maximum among aj, a2,a3. Then kia; = a2+a3 < 2a; 
so kı is 1 or 2. If ky = 2, then we get a, = ag = az hence kı = ko = kg = 2 and 
the inequality follows. If kı = 1 then a, = a2 +a3. Then from kgaz = a, + a3 
and kza3 = a; + a2 we get 2a2 = (k3 — 1)a3 and 2a3 = (k2 — 1)az, so by 
multiplying these two we get that (kz 1)(k2 — 1) = 4. As k2, kg are positive 
integers, we have one of the cases (ky = = 2, ka = 5), (k2 = 5, k3 = 2) or 
(k2 = 3, ka = 3). In all of them we have ky + k2 + k3 < 8. 

Assume now that the result holds for n — 1 numbers, for some n > 4. 
We prove that it also holds for n numbers subject to the conditions in the 
hypothesis. 

Let aj = max{a;:1 <i <n}. Then kja; = aj_1 + aj41 < 2a;. So kj <2 
and since k; is a positive integer we have that kj = 1 or kj = 2. 

If kj; = 1, then aj = aj_1 + a;41. We want to remove the aj from our 
sequence and use induction. Now k;_1a;_1 = aj-2 + aj = aj_2 + aj_1 + j41, 
so (kj-1 — 1)aj-1 = aj—2 + a;41. Similarly we have that (kj41 — 1l)aj41 = 
aj—1 + 542. 

So we by removing a; from our sequence and replacing the numbers 
ky,...,kn by ky,...,kj-1 —1,kj41 —1,...kn we obtain a sequence of n — 1 
numbers which satisfies the same hypotheses. Applying the inductive hypoth- 
esis we have that kı +... + (kj-1 — 1) + (kj+1 — 1) +... + kn < 3(n — 1), so 
kı +... + kn < 3n, as required. 

If k; = 2, then from 2a; = aj;_1+aj;+1 and the fact that a; is the maximum 
of the numbers, we have that a; = aj_1 = aj41. We recursively obtain that the 
sequence is constant, which implies that kj = ... = kn = 2, so the inequality 
clearly holds. This finishes the induction step and hence the solution. 
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Problem 5.24. (Zeckendorf) Prove that any positive integer N can be rep- 
resented uniquely as a sum of distinct and non-consecutive terms of the Fi- 
bonacci sequence: 


m 
N= YR, i ij — ij- 122. 
j=1 


Solution. We will prove the existence by induction on N. It is straightforward 
to check that the property holds for N < F; = 3. 

Assume now that such a sum exists for all numbers up to Fn, n > 4. 
We prove that this suffices to show that it also holds for all N with Fn < 
N < Fryi. If N = Fryi, we are done. Otherwise, N = Fn + (N — Fn) and 
N — Fn < Fai — Fn = Fr-1, so N — Fn can be written as 


N — Fr = Fi, +... + Fin, | tig SH —2, ty <n—2. 


math_books 


Therefore, we have that N = Fn + Fig+ eee oe 

To prove the uniqueness, we use induction again. Notice that if Fp < N < 
F441, then Fn is part of the sum in the representation of N. Indeed, this follows 
from the fact that a sum of Fibonacci terms with ij —ij—-1 Z 2,j =1,...,r—1 
and 7; > 2 is at most 


Pies + Fy 32 ag geim (Fi,-a41 z Fs) + Cee m Fy, 4-3) T Aie 
ir—ı+1 D 1. 
Therefore, if N = Fy, then N = Fn is the unique representation of N, and if 
Fa < N < Fy4i then any representation of N contains Fn and N — Fn < Fy-1. 


Now, using the induction hypothesis for N — Fp, we are done. 


Problem 5.25. Let a > 1 be a real number which is not an integer. Prove 
that the sequence (an)n>0 defined by 


an = [a"**] — afa”] 


is not periodic. Here, [x] denotes the integer part of z. 
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Solution. We assume by contradiction that the given sequence is periodic. 
So let T and ng be positive integers such that ani7 = an for any positive 
integer n > ng. In particular, for n > no we have 


[ames = [a +T] a= ja” +1] = [a”] a. 


Therefore, 
alla’ "| = (a”]) = [ante E [artt]. (3) 


We now show that [a%+7] — [a"°] = 0. If this does not hold then setting 
n = No in (3) we obtain that a is a rational number. Further, by mathematical 
induction with respect to m, one can prove that 


a™ ([a"+T] — [a"]) = fa?) — [a+], (4) 
where m,n € N and n> no. 
Let a = e where p,q € N, (p,q) = 1,4 > 1. Then we have that (p™,q™) = 1. 
Hence, using (4) we have that for any-positive integer m 
q” | ({are#] = [a™]). 


We have that g” > 2™ > m +1, so from the condition q™ | ([are+7] — [a]), 


one can deduce that [a°t+?] = [a”°]. 
1 


= 1) 
achieved by example by taking a sufficiently large integer multiple of a given 
period). But now 


Without loss of generality, we can assume that T > F a (this can be 


qrott — qm = a" (aT = 1) 
= a"((1+a—1)? -1) 
> a™(1+ (a—1)T - 1) 
=a™(a—1)T >1. 
This gives a contradiction. Here we have used that for n € N and h > —1 we 
have (1 +h)” >1+nh, which is Bernoulli’s inequality. 


Remark. Notice that in the above solution we have proved something 
stronger than the question asked, namely that our sequence is not even even- 
tually periodic. 


5. Sequences and Recurrences 275 


Problem 5.26. (China 2004) For a given real number a and a positive 
integer n, prove that: 


i) There exists exactly one sequence of real numbers £o, £1, ..., Ln, n+l 
such that 
To = n41 =Q, 
1 . 
5 (x4 + 2441) = qi + LÌ? — a’, i=1,2,...,n. 
ii) the sequence zo, £1,.-.,Zn,£n+1 in i) satisfies |z;| < |a| where i = 
0,1,... n +1. 


Solution. Notice first that since the recurrence F(x + Zi+1) = Ti + x3 — a 


holds for i = 1,2,...,n, we cannot useZinduction in the form P(k) > P(k+1) 
since we cannot prove the base case when k = 1. So we have to come up with 
a different type of induction: 
We prove both parts of the question by induction by showing that P(k) > 
P(k — 1). ;, 
For the first part, we are given tj41 = 0. Having constructed xg41, for 
some 1 < k < n, we have the equation 


math 


gram 


1 
9 (th + £k41) = Zk + 23 — Q’, 


which is equivalent to 
2x3 + £k = Tk+1 + 2a. (1) 


Since the value of z,41 is determined, let us consider the function 
f:ROR, f(e) = 2074+ 0 -— tky — 20°. 


Since f'(x) = 6x? + 1, this function is increasing on R. In particular, the 
equation f(z) = 0 has a unique real solution. Hence x; is uniquely determined 
by the equation (1) and we are done by induction. 

For the second part, first notice that since 2,4; = 0, we clearly have 
[Zn+1] < lal. 
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Assume now that |z| < |a|, for some 2<k<n+1. Then using (1), we 
have 


|are—1|(2|eq—1|? +1) = |22}-1 + rea] = [ee + 20°] < |xe| + 2la*| < Jal + 2ļa], 
which implies that 
2|zk-1l + lzr-1| — 2ļa°| — la| < 0. 
This can be rewritten equivalently as 
(lzk-1| — la|) (2ļzr-11" + 2lzx-1lla| + 2ļa|? + 1) < 0, 


which gives that |x,_1| < |a|, showing that P(k) = P(k — 1). Finally, notice 
that £o = 0, so |x| < Jal, for all k = 6,...,n +1, as we wanted. 


Problem 5.27. (IMO 2010 Shortlist) A sequence z1, £2,... is defined by 


(-1)**1a,, forall k>1. 


%j=1 and Tk = -—īTk, Ta 
Prove that for all n > 1, we have 
z1 +z2 +... + £n > 0. 


Solution. Let Sn = £1 + T2 +... + £n. We also define Sp = 0. We split our 
solution into a series of claims which we will prove by induction: 


Claim 1. |z| = 1 for every k > 1. 


Proof. We do induction on k. The statement is true for k = 1 from the 
hypothesis. Let n > 1 and suppose that the claim holds for every 0 < k < n. 
If n = 2m, we have 0 < m < n, then |z,,| = 1, and so |zn| = |tm| = 1. 

If n = 2m —1, we have that 0 < m < n, then |z,,| = 1, and so |£n| = |Em| = 1. 
This establishes the claim. 


Claim 2. S4m = 25m for every m > 0. 
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Proof. Notice first that for every m > 1, from the hypothesis we have: 


L4m = —L2m = Tm; 
L4m-1 = Tm = Tm; 

m i 
LAm—2 = —T2m-1 = (—1) Tm; 


T4m-3 = Tam—1 = (—1)™* tm 


We now prove the claim by induction on m. It is certainly true for m = 0. 
Now let m > 0 and suppose it is true for m — 1. Then 


Sam = Sam—4 + Lam—3 + Lam—2 + Lam—1 + Lam 


OKS 


This completes the inductive proof a oak claim. 

Now we prove the problem by induction on n: 

A quick check shows that Sn > 0 for 2 = 0,1,2,3, 4. 

Let n > 4 and suppose that Sp > 0 for every 0<k<n. Let m= [n/4]. This 
implies that 1i <m <n. 

Then S,,-1 > 0 and Sm > 0 by aioa hypothesis. We distinguish two 
possible cases: 


Case 1. If Sm—1 = 0 then 0 is the sum of m — 1 numbers that are +1 and so 
m is odd. Also zm = 1 since Sm > 0. 

Then L4m—3 = 1, Lam—2 = —1, Z4m-1 = l fän =1. 

We also have that S4m-4 = Sm—i = 0. 

Now Sam—3, S4m—2; S4m—1, S4m are all > 0. 

Then Sn > 0, since n E {4m — 3,4m — 2,4m — 1, 4m}. 


Case 2. If Sm_1 > 0, then Sm_1 > 1, and so S4m-4 > 2. 


S4am—3 = Sam—4 + Lam—3 = 2-1=1, 

S4m—2 = Sam—a + Lam—3 + T4m-3 = Sam—a > 2; 
S4m—1 = S4am—2 + Lam—-1 = 2—-1= 1; 

Sam = Sam—2 + Lam-1 + Lam > 2-1-1=0. 
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Therefore, S4m—3, S4m—2, Sam—1, 54m are all > 0. 

Hence Sn > 0, since n € {4m — 3,4m — 2, 4m — 1, 4m}. 

In both cases we have that Sn > 0. Then, by induction Sp > 0 for every 
n> 0. 


Problem 5.28. Let a, be the number of strings of length n which contain 
only the digits 0 and 1 and such that no two 1’s can be distance two apart. 
Find a formula for a, in closed form. 


Solution. We begin by first finding a suitable recursion for an. Notice that 
if a string starts with 0, we have an-ı ways to continue the string. If it starts 
with 1, it can either start with 100 or 1100. For the former, there are an_3 
ways to continue the strings, while for the latter we have a,_4 possibilities. 
Thus % 


an = an-1 Ean-3 + an—4. 


The first few values for an can be readily compute to be a; = 2, ag = 4, ag = 6 
and a4 = 9. Let us now study the first, few terms of the sequences a, and Fn, 
where (Fn)n>o is the Fibonacci sequence: 


n an 
1 2=2.1 
2 4=2? 
3 6=2-3 
4 9 = 32 
5 15=3-5 


From the above table, it seems that aon = F2,5 and don41 = Fn+2 ` Fnis- 
We will prove this by induction on n. The base cases are given in the table. 
Assume now that the statement holds for all values less than 2n. Then 


Gan = Gan-1 + G2n—-3 + Aan—4 
2 
= nti fnse + FaFn41 + Fh 


2 
= n+1Fn+2 + FnFn+2 = Fa+2» 
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and 


Q2nt+1 = Aan + Gan—2 + Aen-3 
2 2 
= Faro + Fapa + fnFat1 
2 
= Ln4+2 ote Fn+1Fn42 = Fn+2Fn+3, 


as required. 


Alternative solution. First consider the easier (and famous) problem of 
counting the number bn of strings of length n such that no two 1’s are adjacent. 
It is easy to check that bọ = 1 and bı = 2. Notice that if a string starts with 
0 we have b,_1 ways to continue the string. If a string starts with a 1, then it 
must start with 10, and hence we have bn—2 ways to continue the string. Thus 
we see that for n > 2 we have 


oks 


bn = bn + by—2. 


It follows by induction on n that bn = n+2 is the Fibonacci sequence. 

Now for the actual problem, suppose we take a string of length n with no 
two 1’s two apart and split it into two, strings, one with every odd character 
and the other with every even character. Then we get strings of length [n/2] 
and |n/2| with no consecutive 1’s. Conversely, given any two such strings we 
can interleave them to get a string of length n with no 1’s two apart. Thus 


an = bfin/21bln/2] = Fyn/2]+2F \n/2|42 
or equivalently aan = F? 49 and azn+1ı = Fn+2Fn+3- 


Problem 5.29. (IMO 2009 shortlist) Let n be a positive integer. Given 
a sequence €1, ..., En—1 With e; = 0 or e; = 1 for each i = 1, ..., n — 1, the 
sequences ao, ..., @n and bo, ..., bn are constructed by the following rules: 


ao = bo = 1, a, =b =7, 


2 [= 3 by i = . 

Qi+1 = IET RE a for each i = 1,...,n — 1, 
3ai—1 + aj, ife; = 1, 
2b;-1 + 3b;, | ee 

b= | pares east = 0, for each i = 1,...,n — 1. 


3bi—1 + bi, if en- = 1, 
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Prove that an = bn. 


Solution. For a binary word w = 01 . . . on of length n and a letter o € {0,1}, 
let wo = 01...0n0 and ow = g01...0n. Moreover, let W = on...01 and let 
Ø be the empty word (of length 0 and with 0 = Ø. Let (u,v) be a pair of two 
real numbers. For binary words w, we define recursively the numbers (u, v)” 
as follows: 

(u,v)® =v, (u,v)? = 2u + 3v, (u,v)! = 3u +v, 


(u yee = 2(u, v)” + 3(u, vE if E = 0, 
i 3(u, v)” + (u,v), ife=1. 


It easily follows by induction on the length of w that for all real numbers 
U1, V1, U2, V2, À1 and Az 


(Aiur + Agua, A1v1 + Agve)? = A1 (u1, v1)” + A2(ua, v2)” (1) 


math_bo&ks 


and that for e € {0,1} s 


(uo = to, (u,v)*)”. (2) 


Obviously, for n > 1 and w = £1.. Ena we have an = (1, 7)” and bn = (1,7). 
Thus it suffices to prove that z 


(1, 7)" = (1,77 (3) 


for each binary word w. We proceed by induction on the length of w. The 
assertion is obvious if w has length 0 or 1. Now let wae be a binary word of 
length n > 2 and suppose that the assertion is true for all binary words of 
lengths at most n — 1. 

Note that (2,1) = 7 = (1,7)® for o € {0,1}, (1,7)° = 23 and (1,7)! = 10. 
First let e = 0. Then in view of the induction hypothesis and the equalities 
(1) and (2), we obtain 


(etre? = 2(1, 7)? + 3(1, Fee 
= 2(1, 7)" + 3(1, 7) 
= 2(2, 1)” + 3(1,7)” 
) 


5. Sequences and Recurrences 281 


Now let € = 1. Analogously, we obtain 


(1, Det = 3(1, 7)" + 1,7)" 
= 3(1,7)° + (1,7) 
= 3(2,1) + (1, 7)” 
= (7,10) = (1,7)'*. 


Thus the induction step is complete, so (3) and hence also an = bn are proved. 


Problem 5.30. (IMO 2008 shortlist) Let ao, a1, a2, ... be a sequence of 
positive integers such that the greatest common divisor of any two consecutive 
terms is greater than the preceding term; in symbols, gcd(aji,ai41) > ai-1. 
Prove that an > 2” for all n > 0. 


2 books 


Solution. Since a; > ged(a;, ai41) > ai 1, the sequence is strictly increasing. 
In particular, a9 > 1 and a, > 2. For each į > 1 we also have aj41 — a > 
gced(a;, ai41) > aj_1 and consequently M41 2 aj +aj1 +1. Hence az > 4 and 
a3 > 7. The equality az = 7 would force equalities in the previous estimates, 
leading to gcd(az,a3) = gcd(4,7) > at = 2, which is false. Thus a3 > 8. So 
we established that the result is valid for n = 0,1,2,3. These are the base 
cases for our proof by induction: 

Take an n > 3 and assume that a; > 2° for i = 0,1,...,n. We must show 
that an41 > 2°+1. Let gcd(an,an41) = d. We know that d > an-ı. The 
induction claim is reached immediately in the following cases: 


if Qng1 > 4d then ani1 > 4an-1 > 4-2-1 = 2+1, 
ifan > 3d then aņ+ı > an +d > 4d > 4an- > 4: 21 = PH, 
ifan=d then @n41 > an +d = 2an > 2-2% = PH, 


The only remaining possibility is that a, = 2d and aņn+ı = 3d, which we 
assume for the sequel. So an4i = 3 an. 

Let now gcd(an—1, an) = d’. Then d’ > an_2. We write an = md’, for some 
integer m. Keeping in mind that d’ < an-ı < d and an = 2d, we get that 
m > 3. Also an-ı < d = imd a= 3md’ . Again, we single out the cases 
which imply the induction claim immediately: 
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ifm>6 then @n41 = gmt 2 > Od! > 9an—2 > 9 - 2772 soe 
if3<m<4 then an_1 < 5- 40 ond Bence Gar = d; 
SO On41 = man- 1 >3 - 3an—1 > 2 2-1 > PMH, 


So we are left with the case m = 5, which means that an = 5d', an+1 = g : 
Qn-1<d= 3d! . The last relation implies that a,_1 is either d’ or 2d’. Anyway, 
an-1 | 2d’. 

The same pattern repeats once more. We denote gcd(an_2,an_1) = d". 
Then d” > an_3. Because d” is a divisor of an_1, hence also of 2d’, we may 
write 2d’ = m'd", for some integer m’. Since d” < an_2 < d’, we get m’ > 3. 
Also, dn—2 < d' = $m! d", an41 = g = Em'a” . As before, we consider the 
cases: 


ifm >5 then dn41 = 2m'd! > B> Bans > B -2073 > 2741, 
if3<m'<4 then an2 < ł al and hence an—2 = a, 
ün+1 = m'an- 2= z! F 3an-2 > 5 Oe ont, 


Both of them have produced the # induction claim. At this stage we have 
covered all the cases, so the induction is complete and the inequality an > 2” 
holds for all n. 


6. Number Theory 283 


6 Number Theory 


Problem 6.1. Show that for any positive integer n, 3” divides 11...11. 
ee 


3” ones 


Solution. For the base case n = 1 we have to prove 3|111, which is true, as 
111 = 3 - 37. 
Assume now that the result holds for some n > 1. For the induction step, 
note that 
11...11 =11...11-10...010...01, 
ÅA Ws SS 
3"+ldigits 3" digits 
where we have 3” — 1 zeroes between every two consecutive ones in the second 
factor. We know that 11...11 is divisible by 3” by the induction hypothesis 
SY 
3" digits A 
and 10...010...01 is divisible by 3 because the sum of its digits is 3, therefore 
11...11 is divisible by 3” - 3 = 37+, 
-A 
37+1digits 


ks 
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am. 


Problem 6.2. Prove that for any two: 


ey 


ositive integers a and m , the sequence 


"ele, 


P 
Q 
`p Tel 


is eventually constant modulo m. 


Solution. We prove the result by induction on m. For m = 1, everything 
is clear. We can also suppose that a > 1, since the conclusion for a = 1 is 
immediate. 

Assume now that the result holds for all positive integers which are less 
than some m > 1. 

Assume first that a, m have a common prime factor p. Write m = pêk, 
where gcd(p,k) = 1. Since a > 1, the sequence of exponents 


a „a? 
ERa a E a ,... 


is increasing, hence all the terms after a certain point will be divisible by 
pê. By the induction hypothesis, since k < m, the sequence is eventually 
constant modulo k. It is also eventually constant 0 modulo p°, so by the 


284 Chapter 10. Solutions 


Chinese Remainder Theorem, the sequence is also eventually constant modulo 
pik=m. 

We are left to treat the case when a and m are coprime. We know from 
Euler’s Theorem that a®) = 1 (mod m). Notice that starting from the 
second term, the exponents of a in the given sequence are 1,a,a%,a%’,..., 
which is our original sequence. So it suffices to look at this sequence modulo 
(m). Since ¢(m) < m, we are done by our induction hypothesis. This 
completes our proof for this case as well. 


Problem 6.3. (Poland 1998) Let z, y be real numbers such that the numbers 
gt+y, £? +y?, 22+y3, and zt + y4 are all integers. Prove that for all positive 
integers n, the number x” + y” is an integer. 


Solution. We will prove the result by induction on n > 1. First notice that 


k 


Q 


(£ +y)? =£ +y? + 2y, 


t 


so 2xy is an integer. But if 2xy is odd, the left hand side of 
2(a + y) = 2(a* + y*) Hle) (2? + y?) + 3(22y)? 


is an even integer, but the right hand side is odd. Thus 2xy is even and zy is 
an integer. 
Now, for n = 1 and n = 2, the conclusion holds from the hypothesis. 
Assume that the result is true for all integers n < k, k > 3 and let us prove 
it for n =k+1. We have 


ght + yt! = (a* a y*)\(x hs y) = zy(a*-} + y*-), 
As the right hand side is an integer, the conclusion follows. 


Problem 6.4. (Ibero American 2012) Let a,b,c,d be integers such that 
the number a — b + c — d is odd and it divides the number a? — b? + c? — d?. 
Show that for every positive integer n, a — b + c — d divides a” — b” +c” — d”. 


Solution. We prove the question by induction on n > 1. The following 
observation is an immediate consequence of the modulo congruences properties 
and will be useful throughout the proof: 
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If (x — y) | (z1 — tı) and (a — y) | (z2 — t2), then (x — y) | (2122 — tite). 
Back to our original problem, notice (a + c) — (b+ d) divides 


(a+c)? — (b +d}? = [(a? + °) — (b? + d?)] + 2(ac — bd). 


Since our assumption is that (a +c) — (b + d) divides (a? + c?) — (b? + d?), it 
follows that it also divides 2(ac — bd). As we are told that (a + c) — (b + d) is 
odd, it must divide ac — bd. 

The base cases for our induction are n = 1 and n = 2 which are both 
immediate from the hypotheses. 

For the induction step, we let n > 3 and suppose that (a + c) — (b+ d) 
divides both (a"—! + c7!) — ("71 + d™“1) and (a72 +c?) — (6-2 +d"), 
From the above observation, we have that 


1_bbbok 


((a + c) — (b + d)) | ((ate)(a™ b+ ec") — (b + a)" +a"). 


Further, 


(a + c)(a”T! +c!) > (b + d)(b™1 +a") 


I elegram: @matt 


= (a® +c”) — (b + d”) + ac(a®™? + e7?) — bd(b™? + a”). 


The induction hypothesis together with the above observation imply that 
ac(a”~? + c”72) — bd(b"-? + d®-?) is divisible by (a + c) — (b + d). Hence 
(a +c) — (b + d) divides (a” + c”) — (b” + d”), as we wanted. 


Problem 6.5. (AoPS) Let m and n be positive integers with gcd(m,n) = 1. 
Compute 


gcd(5™ + 77,5" +7”). 


Solution. We claim that gcd(5” + 7",5" + 7”) is 2 when 2 | mn, and 12 
otherwise. We prove this by induction on n+m. By symmetry, we can assume 
throughout the proof that m < n. 

The base cases are m = 0, n = 1 for which we have ged(5™ +7",5" +7") =2 
and m = n = 1, for which ged(5™ + 7”, 5" + 7”) = 12, respectively. Thus our 
claim holds in these situations. 
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Assume now that the result holds for some positive integers m,n with 
m<nandm+n > 2. Notice that 


gcd(5™ + 7,5" + 7") = gcd (5™ + 77, 77 ™(5™ +: 7™) — (5° + 7")) 
= ged(5™ + 7”, 7° -™5™ — 5”) 
= ged(5 + 7, TT" — 57—-™), 
We distinguish two cases: 
If n > 2m, then 
ged(5™ + 77, 72-™ — 52 ™) 
= ged(5™ + 7, 722m (5m 4 7m) — (777™ — 5”7™)) 
ie ged(5™ ci T 7 mgm +507 my 
= gcd( my a 7r- —2m +r am) 


If 2m > n, then 


ee @math 


ged(5” + 7”, 77-™ 
= ged(5™ +7, (5™ 4.7) —72m—m(qn—m _ 5n—m)) 
= gedlg e yoo niyam n) 

(57 + 77, Seek 4 77m) 


—5"™) 


= ged 


Since m+n—2m < m+n (unless m = 0, a base case) and m+2m—n < m+n 
(unless m = n = 1, a base case), by the induction hypothesis, ged(5"+7™, 5%+ 
7”) is 2 when 2 | mn, and 12 otherwise. As 2 | mn & 2 | m(2m — n), this 
completes our proof. 


Problem 6.6. Let n be a non-negative integer. Prove that the numbers 
0,1,2,...,n can be rearranged into a sequence ao, @1,...,@n, such that a; +i 
is a perfect square for allO <i<n. 


Solution. We will prove the statement by induction on n > 0. We think of 
the sequence as giving us pairings of two copies of the numbers 0,1,...,n. We 
check below the first 4 base cases: 
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For n = 0 we have 0+ 0. 

For n = 1, we pair them 0+ 1 and 1 +0. 

For n = 2, we pair them 0 + 1,1 +0,2 +2. 

When n = 3, we pair them 0+ 0, 14+3,2+2,3+41. 

For n = 4, we pair them 0 +4, 1+3,2+2,3+1,4+0. 

Assume now that the result holds for all values smaller than some n > 4 
and we prove that it also holds for n. Since n > 4, there exists a unique k > 2 
such that k? < n < (k + 1)?. Then 0 < (k +1)? —n < n, and we can use the 
pairings 


((k +1)? —n) +n, ((k +1)? —n +1) 4+ (n—-1),..., n+ ((k+1)? —n). 


By the induction hypothesis, since ((k +1)? —n) —1 < n, we have suitable 
pairings for the numbers 0,1,...,((kz+ 1)? — n) — 1, which completes our 
induction step. 


aath_boc 


Problem 6.7. We call a positive n triangular if it can be written as n = 
pei, for some positive integer a. Show that 11... lọ is triangular, where the 
subscript denotes the fact that 11... lis written in base 9. 


Solution. We prove the result by induction on the number k of ones in the 
representation of 11...19 in base 9. The base case k = 1 works, since lg = 1 
and 1 = 12 

Now assume that 


lie 
—K—V— 2 
k ones 
Then 
1 
tibani ns FY 4 
SS —S —’ 2 
k+1 ones k ones 
_ 97 4+9t+2  (3t+1)(3t+2) 
a ee 


so 11...1g is a triangular number, too. 
— 
k+1 ones 
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Problem 6.8. Let a,b,m be positive integers such that gcd(b, m) = 1. Prove 
that the set {a" + bn : n = 1,2,...,m?} contains a complete set of residues 
modulo m. 


Solution. We prove the result by induction on m. We distinguish two cases: 


Case 1. If gcd(m,ab) = 1. The statement is clear for m = 1. 

Assume that the result is true for all integers less than some m > 2 and 
write m = pf! -...- ppt, where pi < po <... < p are distinct prime numbers. 
Let mo = a By the induction hypothesis, for all integers r there exists a 
number k < må such that we have 


a’ +bk =r+ moqo, some q€Z. 


Since gcd(b(p; — 1)-...- (pe — 1), pt) = 1, there exists a non-negative integer 


q < pt such that 


=. 
a 
IIl 


qb(pı —1)-...+ (pe —qo (mod ps). 


m:@ math_bool 


Set n = k + mog(pı — 1)... (ve — 1)? Since $(m) | mo(p1 — 1)... (pe — 1), 
we have = 
a” + bn = a" + b(k + mog(p1 — 1)-...- (pi — 1)) 
= r+mo(qo + qb(pi — 1)-...+ (pt — 1)) 
=r (mod m). 


Finally, notice that 


0 < k <n < må + molpi — 1) +.. (pe — 1) - (pe — 1) 
< mô + mo(pi — 1)m = mG (1 + p? — pi) < mp? = mè. 


Case 2. If gcd(m,a) > 1, set m = uv, where u > 1, such that a is divisible by 
all prime divisors of u and gcd(v,a) = 1. Let r be an arbitrary integer. Then 
there exists s € {0,1,...,u — 1} such that 


bs=r (mod u). 
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We also know that gcd(a”, v) = 1, hence gcd ((a~1)%bu,v) = 1. Using the 
previous case, there exists k < v? such that 

(a) + (a7!) buk = (a7!) (r — bs) (mod v). 
Now set n = uk + s. Then n < uv? +u — 1 < u(v? +1) < uv? = m? and 
ats + buk =r—bs (mod v). 


This implies that a” + bn =r (mod v). Finally, for any p dividing a we know 
that vp(u) < u, since p“ > 2” > 1 +u, hence 


a” + bn = a”*ts + (uk +s) =O0+bs=r (mod u), 


and our proof is complete. 


OKS 


Problem 6.9. (Kémal) Let a and n be two posing integers such that a” — 1 
is divisible by n. Prove that the numbers a+1,a?4+2,...,a"+n are distinct 
modulo n. 


am:@m 


Solution. We will proceed by induction on n. The base case n = 1 is clear. 

Assume now that the result holds for all integers less than some n > 2. Let 
k be the order of a modulo n, that is, the least value such that a* = 1 (mod n). 
We know by Euler that k < n and from hypothesis we have that k | n. Since 
k < n, by the induction hypothesis we have that a + 1,a? + 2,...,aF + k are 
distinct modulo k. Now let us prove that for 1 < z,y < n we have a? + x Æ 
a? +y (mod n). Write x = kz +t and y = ku + v, where 1 < t,v < k and 
0<z,u< %. Then a? = at (mod n) and a” = a” (mod n). We distinguish 
two cases: 


Case 1. If t Æ v, then a? + x = at + t and from the induction hypothesis we 
have at +t Æa? +v =a +y (mod k). 


Case 2. If t = v, then z Æ u, hence 


a? +x = aœ +kz+t=a” +ku+v+k(z-—u) 
= +y+k(z-u) ža +y (modn). 


This completes our proof. 
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Problem 6.10. Let f : R > R be given by f(x) = az? + br + c, where a,b,c 
are positive integers. Let n be some given positive integer. Prove that for 
any positive integer m, there exist n consecutive integers a1, a2,...,Qn, such 
that each of the numbers f(a1), f(a2),..., f(Qn) has at least m distinct prime 
factors. 


Solution. We prove the result by induction on m. For m = 1, the statement 
clearly holds. 

Assume now that the result holds for some m > 1 and let aj,...,Q@n be 
such that each of the numbers f(a), f(a2),..., f(Qn) has at least m distinct 
prime factors. Take 


A= f (a1) + f(ag)?-...+ flan). 
For each j = 1,...,n, let Bj = A+a; 


Notice that the integers 61,...,8n are 
also consecutive and 


) math_books 


£(Bj) = Fla): (1 + Cifla), 


for some integer Cj. Hence the term I+ C;f(a;) is coprime to f(a;), so f(8;) 
has at least one prime factor more than f(a;). This completes our proof. 


Problem 6.11. (Iran 2005) Find all f : N* — N* such that for every 
m,n E€ N*, 
f(m) + f(r) | m+n. 


Solution. We will prove by strong induction that f(n) = n. Letting m = 
n = 1, we obtain that 2f(1) | 2, hence f(1) | 1 = f(1) = 1. This establishes 
the base case. 

Assume now that the result holds for all positive integers which are less 
than some n > 1. By Chebyshev’s theorem, we know that there exists a prime 
number between n and 2n, so there exists m < n such that m+n = p is prime. 

Since f(m) + f(n) divides p, we have that f(m) + f(n) is either 1 or p. 
But f(m)+ f(n) >1+1= 2, so it cannot be 1. Therefore f(m) + f(n) = p. 
Since f(m) = m from the induction hypothesis, we obtain f(n) =p—m=n. 
This completes our proof. 
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Problem 6.12. (Kvant M2252) Prove that 
1+33 bP ae (OY 1 So (mod 20"). for n>2. 
Solution. We will use in our proof the following two facts 
i) If k is odd, then k?” = 1 (mod 2”+?); 
ii) (k + 2")* = k¥(1 + 2”) (mod 2"+), 
i) can be proved either using the identity 


kK?” —1= (k—1)(k+1)(k2 +1)... (k? +1), 


or by induction on n. Fact ii) is an easy consequence of the binomial theorem. 
Back to our original problem, let us define 


Sn = 1+3 +55 Bathe 


:@ midih 


Then Sn+1 = Sn + Rn, where Rn = = 40" HZH 4... (204 ne yan r el, 
Notice that all of the 2” — 1 terms iw Ry are of the foku m = 2” + k, with 
k < 2”. Therefore, we can write 


m” =m” -më = m* = k"(1 +2”) (mod 2"+?), 
using facts i) and ii) presented above. This implies that 
Ry = (1+2) (1439 +5°+...+4(2"—1)?""1) = (14+2")S, (mod 2+”), 


Thus, Sn+1 = 2S,(1 + 271) (mod 2"+?). We now use induction on n. For 
n = 2, we see that indeed S2 = 28 = 4 (mod 8). 

Assume now that the result holds for some n > 2. Then we have S, = 
art+lk + 2”, for some k € Z. By what we have established above, we obtain 
that 

SS (277k + DnE] +27 H= = ntl (mod g2, 


which completes our proof. 
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Problem 6.13. (GMA 2013) Prove that for any positive integer n and any 
prime p, the sum 


[z] 2 
s= DhE) 
k=0 kp 
is divisible by pl? =T]. 
Solution. We begin by proving the following 


Lemma. For all n > p we have 


Sn — @ Sn-1 + (5) Sn-2 —... + Ti i) Sn—p+i = 0. 


Proof. Let ¢ be a primitive p-th root-of unity. We know that 


Fee? if pti 


ifp|i- 


E 
Sn = — Sou = çi) 
P j=0 
Since Çf, i = 1,2,...,p — 1 are roots of the polynomial E, we have that 


1 — Ë are roots of the polynomial 


S a P\ E N T 
x 1 p-l 


By setting x = 1 — Çİ, i =1,...,p — 1 and adding up, we see that for every 
n > p, one has 


Sn ae @ Sn-1 + (3) Sn—2 +...4+ ee T Sn—p+1 = 0, 


proving the lemma. 
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Back to the original problem, we can now prove the result by induction on 
n. Things are clear ifn =1,2,...,p—1. 

Assume now that n > p and that the result holds for all positive integers 
less than n. We also know that for all 1 < j < p — 1, we have p | G). By the 


n—j-1 
induction hypothesis, we know that for 1 < j < p- 1, p! PT] divides Sn—j: 
Furthermore, for all 1 < j < p—1, we have 


ma aie) er e 


Therefore, all the terms of the sum 


9 Spay — C) Sn-2 + aS Gs i) Sn-p+1 


n-1 
are divisible by plei], hence the sape is true for Sn by our lemma. This 
completes our proof. 


S 


book 
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Problem 6.14. (Bulgaria 1996) Let k > 3 be an integer. Show that there 
exist odd positive integers z and y with 2* = 7x? + y?. 


Solution. We prove the result by induction, showing that for each k > 3 
there are odd positive integers xz, Yk such that 


OF = Tag + yk- 


For k = 3, choose x3 = y3 = 1. For the inductive step, we use the identity 


2 2 
2(Ta? +B) = 7 (222) +(72) 


If 2* = 7x? + y2 with xp, yx odd, then either (x, + yx)/2 or |z~ — yx|/2 is 
odd, as their sum is £k or yz, both of which are odd. If (x, + y,)/2 is odd, 
then take £k+1 = (Zk + ye) /2 and yk+1 = |TT — Ye|/2. 

If (£k + yx) /2 is even, then |x, — yk|/2 is odd and define zp41 = |£k — yx|/2 
and Yk+1 = (Tzk + yk)/2. This completes the induction step and therefore the 
proof. 
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Problem 6.15. (USAMO 1998) Prove that for each n > 2, there is a set S 
of n integers such that (a — b)? divides ab for every distinct a,b € S. 


Solution. We will prove by induction on n, that we can find such a set Sn 
consisting of non-negative integers. 

The base case is n = 2 for which we take Sn = {0,1}. 

Now suppose that for some n > 2, the desired set S, of n non-negative 
integers exists. Let L be the least common multiple of those numbers (a — b)? 
and ab which are non-zero, with (a, b) ranging over all pairs of distinct elements 
from Sn. We define: 


Notice that 5,41 consists of n + 1 non-negative integers, since L > 0. 
Moreover, if i,j E€ Sn+1 and either i of j is zero, then (i — j)? divides ij. 

Finally, notice that if L +a, L +b € Sn41 with a,b, distinct elements of 
Sn, then = 


at 


m 


(L+a)(L+6)= ab = 0 (mod (a -— b)?), 


so ((L + a) — (L + b))? divides (L + a)(L + b), thus completing our induction 
step. = 


Problem 6.16. (Brazil 2011) Prove that there exist positive integers a, < 
ag < ... < @go11 such that for all 1 < i < j < 2011 we have gcd(a;,a;) = 
Qj — Qi. 


Solution. First notice that the condition gcd(a;,a;) = aj — a; is equivalent 
to aj — a; | a;. Indeed, if gcd(a;,a;) = a; — aj, then aj — a; | ai; conversely, if 
a; — a; | ai, then a; — a; | aj, so a; — a; | gcd(a;,a;) and from Euclid we know 
that gcd(a;,a;) < aj — ai, so we are done. 

We will now construct a sequence aj < a2 < ... < an with the required 
properties by induction on n. For the base case n = 2 we can take for example 
a, = 2 and ag = 4. 

Assume now that we have constructed n—1 numbers a; < ag < ... < An_1 
which satisfy the required properties. Consider the n numbers 


ao < ag + aj <an+a2<...<ag+Qn-1, 
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where do will be chosen later. By the observation we made at the beginning, 
the condition gcd(a; + ao,a; + ao) = (a; + ao) — (a; + ao) is equivalent to 
a; — a; | ao + a;i, and we already have a; — a; | ai, so this is equivalent 
to aj — a; | ag. Also the condition gcd(ao,a; + ao) = a; is equivalent to 
a; | ag. Therefore, taking ag to be the least common multiple of all the 
numbers @1,...,@,—1 and the numbers a; — a;, 1 <i < j < n — 1, we obtain 
the construction for n. This completes our proof. 


Problem 6.17. (Bulgaria TST) Let a,m > 2 and let ord% = k (ie. af =1 
(mod m) and a° #1 (mod m) for any 0 < s < k). Prove that if t is an odd 
number such that every prime that divides t also divides m and gcd e at=) = 
1, then ordf = kt. 


Solution. We prove the statement by induction on the number of prime 
factors of t, taking into account also their multiplicity. We start with the 
oase when t is a prime. We then have t |m. Let d = a , So that we have 

=1+md. Then 


fii: @ matt 


=(1+md)=1 (mod mt), 


thus s = ord?,, | kt. We know thatdne | a — 1, so m | aê — 1, and since 
k = ord?, we must have k | s | kt, thus s = k or s = kt. If s = k, then 
1+ md = a* = 1 (mod mt), which implies that t | d, which is a contradiction. 
Hence s = kt. 

Now assume that t has at least two prime factors (not necessarily distinct) 
and write t = rto, where r is prime and tọ > 1. Since r is prime, by the base 
case we proved above we have tliat ordir = kr. 

We first prove that gcd (to, at 1) = 1. If a prime rọ divides tọ, then it 


also divides t, so ro | m | mr. Now 


akr —1 a ak —1 ak(r-1) pakt- 4.4 
mr om r 
ak) 4 gklr—2) 4 4d 
: . 


k(r-1)4 gk(r—-2) A 
afr — t) +a — +...41 is an 


Since a* = 1 (mod m), we have a* = 1 (mod r), so 
integer. 
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If r Æ ro, then aë = 1 (mod ro), so we also have 


GeO geese +...+1 


F =1 (mod ro). 


Thus gcd (ro, at ==) =}, 


If r = ro, then we can set a* = 1 +br (mod r?) for some integer b. Therefore, 
for all j = 0,1,...,r — 1, by using the binomial theorem we find that a = . 
1+ jbr (mod r?), hence 


GO Da gh As i = r+br(1+2+...+r—1) = rt 30%(r—1) (mod r°). 


Since t is odd, so must be r, so we obtain that 


=1 (mod r) 


r 


ram: @math_t oc 


and again gcd (ro, at z) =1. 


Combining these two cases we see that gcd (to, a) = 1 and hence we can 


apply the induction hypothesis, completing our proof. 


Problem 6.18. (China TST) Prove that for all positive integers m,n there 
exists an integer k such that 2° — m has at least n distinct prime divisors. 


Solution. We prove the result by induction on n, the base case n = 1 being 
clear. 

Assume now that there is some integer kn such that A, = 2%» — m has 
at least n distinct prime divisors. Without loss of generality, assume that A, 
is odd (we can take out the power of 2 dividing m and work with the rest, 
so we can assume m is odd). By Euler’s theorem we then have 294) = 1 
(mod 42), so 

gknt (An) m= An (mod A2). 


We deduce that eee = 1 (mod An). Therefore, there exists a 


prime p { A, such that p | edan, Taking kn+1 = kn + 6(A2), w 
complete the induction step and hence the proof. 
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Problem 6.19. (Serbia) Prove that for all positive integers m there exists a 
positive integer k > 2 such that 3* — 2* — k is divisible by m. 


Solution. We define a sequence (£n)n>0 by zo = 2 and 241 = 3°" — 27". We 
prove that for all positive integers d, there exists some n for which %n41 = £n 
(mod d) (notice that this implies the statement of the problem by taking d = m 
and k = zn). We proceed by induction on d. The base case d = 1 is clear. 

Assume now that the result holds for all integers less than some d > 2. 
Then ¢(d) < d and since the statement holds for ¢(d), there is some n such 
that £n+1 = £n (mod ¢(d)). Then by Euler’s theorem we have 


"get = 3%" (modd) and 2+1=2"" (modd), 


proving our result. 


oks 


Problem 6.20. Let k be a positive integer. Prove that for all non-negative 
integers m there exists a positive integer n with at least m prime factors (not 
necessarily distinct) such that 2” + am is divisible by nè. 

Solution. We begin by proving the following: 


Lemma. If a and b are positive integers with gcd(a,b) = 1 and p an odd 
prime such that vp(a + b) = s > 1, then vp(a? + bP) = s +1. 


Proof. Let a+b = x be an integer divisible by p. Then 


aP +P  (x—b)? +b 
a+b x 


= zP! — bpaP-? +... — @ bP 24 + pb?! 


= pb? (mod p°). 


As a and b are coprime, it follows that vp (Z2) =1. As 


v+*) 


Up(a? + bP) = Vp(a +b) + Vp (E 


we obtain the result. 
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We will now prove the statement of the original question by induction on 
m > 0. For m = 0, we can take n = 1. 

Assume now that m > 1 and we have found an integer n»—1 which has 
at least m — 1 prime factors such that n3,_, divides ann + 3m1, We 
distinguish two cases: 

Case 1. If there exists a prime p such that p f nm-1, but p | Knmi 4 3h m1, 
Since p | knim- b 3h m1, by the above lemma we have that p° | QP Nm- 
312 nm-1, So we can take Nm = PNm—1 and we are done. 


Case 2. If nm—1 and 2*?m-1 + 3*"m-1 have the same prime factors, then 
we use the fact that nm_1 Æ Knn- 4 3km- (since Wnai p 3m- > 
3”m-1 > n3,_ı. Therefore, there exists a prime q such that v,(n3,_,) = a 
and Vy (atm + araa ) =ß>a + 1. By taking nm = qNm-1, we have 


gers | ght? = Vg (2krm + aena). This:completes our proof. 


Problem 6.21. Prove that for all positive integers k there exists an integer 
n which has exactly k prime divisors and n? | (2° +1). 


Solution. We first prove two important lemmas: 


Lemma 1. Let a be a positive integer and p an odd prime. Then the following 
statements are equivalent: 

a) pla +1)=s>1; 

b) vyp(a? +1) =s+1. 


Proof. If vp(a +1) = s > 1, then writing a? = (a+ 1 — 1)? and using the 
binomial theorem we obtain that “+! = 


ati =p (mod p”). Since 
aP + *) 


Vp(a? + 1) = Vp(a + 1) + Vp (= 


we are done. Conversely, if p | a? + 1, using Fermat’s Little Theorem we find 
that a + 1 is divisible by p and by the identity we used above, we are done. 


Lemma 2. Let a be a positive integer. Then there exists a prime q such that 


q | ZF, but q ł (a + 1), except for the cases a = 2 and p = 3. 
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Proof. Assume the contrary. Then any prime q dividing “+ also divides 
8 a+1 


a+ 1. Notice that gcd (SH at 1) = 1 or p. So we must have q = p and 


hence that both att and a+ 1 are powers of p. We know from the previous 
ae that if p | (a+ 1), then vp ( EH) = 1. So we must have that oth =p, 
while 


a? +1 
a+1 


except for the case a = 2 and p = 3. This completes the proof of the lemma. 

Back to our original problem, we will prove the result by induction on k. 
We know from Lemma 1 that if p | 2% + 1, then p° | gmp” 4.1. For k = 1 we 
can thus take nı = pı = 3. Since 29+ 1 = 513 = 27-19, for k = 2 we can take 

= pıp2, where po = 19. 

E now that for some k > 2 we have constr” the corresponding 
Nk = pıp2...pp such that ng | 2°*- +1 and n@ | Wk +1, By Lemma 2, 
there exists a prime pp41 such that pp, { 2P1P2-Pk-1 +1 = a+ 1 (and hence 
Pk+1 is not one of pj,. -a Pr)» but Diet Jl 2P1P2--Pk + 1 = afk +1. Now set 


>a -—-a+1>a+1>p, 


TELE = Pk+1nk- Since nj | mk +1 | 2rePes +1 and by Lemma 1 we have 
a7 | Pk + 1, we deduce that nib = =n} | PhP p 1 = Phr 1. 
tre completes our proof. 


Problem 6.22. (Polish Training Camp) Let k be a positive integer. The 
sequence (Gn)n>1 is given by 


X dag =k", forall n>1. 
d|n 


Prove that every term of the sequence is an integer. 


Solution. We shall prove the result by induction on n. The base case n = 1 
is clear. 

Assume now that n > 2 and that the result is true for all integers less than 
n. From the hypothesis we have that 


Nan + 5 dag = k”. 
d|n,d<n 
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We shall prove that n | G — 5 ss) . Let p be a prime dividing n and 


d|n,d<n 
let n = p’x, for some x coprime to p. From the induction hypothesis we know 


that 
5 daq = k” — 5 dag 
d|n,d<n d|p"—1z 
= ppt =: pp te 


= ("D2 1) (mod p”). 
If p | k, then we are done. Otherwise, by Euler’s Theorem, we have that 


p | ae ais = 1) À 


ae (x7 - 5 is) As this holds 


d|n,d<n 


In either case, we obtain that p” divi 


@ma roos 


for all p | n, we obtain the desired conclusion. 


Problem 6.23. Prove that theres sis a permutation (a1,a2,...,@n) of 
(1,2,3,...,n) such that none of the numbers Q1,01,+@2,...,@;+@Qo+...+@n-1 
isa Deriect square. 


Solution. We prove the statement by strong induction on n. For the base 
cases n = 1,2,3 we can take the permutations (1), (2,1), and (3,2,1), respec- 
tively. 

Now assume we have proved the assertion for n < k, some k > 4. If 
14+2+...+(k-—1) is not a perfect square, then we can take the permutation 
to be (a, a2,...,@%-1,k), where (a, @2,...,@%—1) is the suitable permutation 
of (1,2,...,4 — 1) from the induction hypothesis. If 1+2+...+(k—-—1) is 
a perfect square, then 1+2+...+(k—2) and1+2+...+(k—2)+k are 
not, so we can take the permutation to be (aj, a2,...,@%—2,k,k — 1), where 
(a1, d2,...,@~—2) is a suitable permutation of (1,2,...,4 — 2). 


Problem 6.24. Prove that any integer can be represented in infinitely many 
ways as +1? + 2? + 32 +... + t?, for a convenient t and a suitable choice of 
the signs + and —. 
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Solution. We divide our proof into two steps. We first show that each number 
can be written in the given form in at least one way. Then we prove that if a 
number can be written in at least one way in the given form, it can be written 
in infinitely many ways. The key ingredient for our proof is the identity 


(t+ 1)? — (t +2)? — (#43)? + (t +4)? =4. 


This shows that if n can be represented as a sum of t terms, then n + 4 can 
be written as a sum of t+ 4 terms. This will be our induction step (from n 
to n+ 4) for the first part of the proof. We are left to check the base cases 
n=0,n=1,n=2,n=3. For these we have 


017p ag ei ee le 


This completes our induction, establishing the first part of the proof. 
For the second part of the proof, notice that from the identity 


(+1)? — (t +2}? — (t+3) + (t+4)? =4, 
we immediately deduce the identity 
(+1)? —(¢+2)? —(¢4+3)?4 (¢4+4)? — (€4+5)? + (t+6)? + (t+7)? — (t +8)? = 0. 


Therefore, if n can be represented as a sum of t squares, then n can be repre- 
sented also as a sum of t + 8 squares. This completes the second part of our 
proof, establishing the result. 


Problem 6.25. (Romania TST 2013) Find all positive integers n that can 
be written as 


_ (af +a — 1)(a5 +. ag — 1) ++ (af + ay — 1) 
(b2 + by — 1)(b3 + bo —1)--- (b2 + bp — 1)’ 


for some positive integers a;, b; E€ N* and some k € N*. 


302 Chapter 10. Solutions 


Solution. First, notice that a? = a — 1 is always odd, hence any such n must 
be odd. Next, notice that for any odd prime p Æ 5 with p | (a? +a — 1) we 
have p | ((2a + 1)? — 5), so 5 is a quadratic residue mod p, hence p = 1,4 
(mod 5). 

We now claim that all odd integers with all prime factors to 0, 1 or 4 
modulo 5 can be written in this manner. We call such a number good. 


We can prove this by induction. The base cases are covered by 1 = v+i-1 


41-1 
and 5 = a taal Suppose we have written all good numbers strictly less than 
k > 5, which we assumed to be good. If k is not prime, then it is a product of 
two good numbers and these can be written in the given form, so their product 
is also good. Otherwise, if k is prime and good, then we can find a0 <a < k—1 
such that k | a?—5. Since we also have k | (k—a)? —5, after possibly replacing 
a by k — a, we may assume a = 2b + 1 is odd. Thus k | b? +b-— 1. Since 
et < k and obviously it is a good number, we know that it can be written 
in the Agere form and hence so can its reciprocal PACT Thus writing 


k= att I tll finishes this case, hence the induction step and the proof. 


Problem 6.26. (USA TST 2006) Let n be a positive integer. Find, with 
proof, the least positive integer dn which cannot be expressed in the form 

n 

So (-1)™ i, 

i=1 
where a; and b; are non-negative integers for each i. 


Solution. The answer is dn = 24> 141. We first show that dn cannot be 
obtained. For any p, let t(p) be the minimum number n of terms required 
to express p in the desired form and call any realization of this minimum a 
minimal representation of p. If p is even, any sequence of b; that can produce 
p must contain an even number of zeros. If this number is non-zero, then 
cancelling one against another or replacing two with a b; = 1 term would 
reduce the number of terms in the sum. Thus a minimal representation cannot 
contain a b; = 0 term, and by dividing each term by two we see that t(2m) = 
t(m). If p is odd, there must be at least one b; = 0 and removing it gives a 
sequence that produces either p — 1 or p+ 1. Therefore, we obtain 


t(2m — 1) = 1 + min{t(2m — 2), t(2m)} = 1 + min{t(m — 1),t(m)}. 
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With d, as defined above and cn = Ze we have dg = cı = 1, so 
t(do) = t(c1) = 1 and 


t(dn) = 1 + min{t(dn_1,t(cn)} and t(cn) = 1+ min{t(dn-1), t(cr_1)}. 


Therefore, by induction, t(c,) = n and t(dn) = n+1 and dn cannot be obtained 
by a sum with n terms. 

Next we show by induction on n that any positive integer less than d, can 
be obtained with n terms. By the inductive hypothesis and symmetry about 
zero, it suffices to show that by adding one summand we can reach every p in 
the range d,_1 < p < dn from an integer q in the range —d,_| < q < dy_1. 
Suppose that cn +1 < p < dn — 1. By using a term 2?"—!, we see that 
t(p) <14+t(|p — 2?""1]). Since 


ee 


dn — 1 — 277-1 = 2-b — (cn +1) = dn-1 — 1, 


book 


it follows from the induction hypothesis that t(p) < n. Now suppose that 
dn—1 <p < cn. By using a term 22"~?, we see that t(p) < 14 t(|p — 2?"-|). 
Since 


elkeram: 


Cn — ie oe ‘dn—1 = Cn—-1 < dn-1, 


T 


it follows again that t(p) < n. 


Problem 6.27. (USAMO 2003) Prove that for every positive integer n 
there exists an n-digit number divisible by 5”, all of whose digits are odd. 


Solution. We will use induction on n > 1. 

For the base case n = 1 we can take the number 5. 

For the induction step, assume that we have constructed a number A of k 
odd digits, which is divisible by 5". Notice that each of the numbers 1, 3, 5,7, 
9 gives a different residue modulo 5. Since there are just 5 residues modulo 
5, they must cover all residues modulo 5. Hence there exists c € {1,3,5,7,9} 
such that 


c2 = 4 (mod 5) or c-10*=—A (mod 5**4), 


Then the number 10*c + A is the desired number. So the statement is also 
true for n = k +1, which completes our proof. 
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Problem 6.28. (IMO 2004) We call a positive integer alternating if every 
two consecutive digits in its decimal representation are of different parity. Find 
all positive integers n such that n has a multiple which is alternating. 


Solution. The answer depends on the very essence on the decimal number 

system, thus on the powers of two dividing n. For example, if 10 divides n, 

then the last digit of any multiple of n is 0, so if an alternating number is 

divisible by n its ten’s digit must be odd, implying that n is not divisible 

by 20. Let us prove that this is also a sufficient condition, namely that the 

numbers which are not multiples of 20 have a multiple which is alternating. 
The numbers not divisible by 20 split into four groups: 


m,2*-m,5*-m,2-5*-m, where gcd(m,10) = 1. 


We first treat the case of m with ged(m, 10) = 1. Among the numbers of 
the form 101010101...01 there are two who give the same remainder upon 
division on m. Subtracting the smaller from the larger and cutting the irrele- 
vant zeroes, we get a number of the form 1010...01 (which is alternating) and 
divisible by m. The method above canbe generalized to construct a number of 
the form 100...100...0...100...01 divisible by m, where between any two 
consecutive unities there are k zeroes. This number is not alternating, but we 
shall need it for the next cases. 

Turning to the other cases, we first prove that 2* has an alternating mul- 
tiple of k + 1 digits, by induction on k. The base case is clear. 

Now assume that we have constructed an alternating multiple M of 2* 
with k +1 digits. If M is divisible by 2*+!, just add 10**+! or 2-10*+! to it 
to make it into an alternating multiple of 2*+! with k + 2 digits. If it is not 
divisible by 2*+1, then we may add 2 or subtract 2 from the digit representing 
10*—! in the decimal representation of M (if the digit is larger than 1, subtract 
2, otherwise add) and make it into an alternating number divisible by 2%+t, 
Again we add 10*+! or 2- 10*+! to it to ensure the induction step. 

By induction on k, we can also prove that 2-5* (hence also 5*) has an 
alternating multiple of k+1 digits. The base case is clear. Now let us consider 
a multiple M of 2-5! with k+1 digits. If M is also divisible by 5*+1, add 1 or 
2 in front of it to do the induction. Otherwise, look at the second digit of M 
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(i.e. the one accompanying 10%). Only its parity matters, so we can change it 
into one of the other four possible values, and it is clear exactly one of these 
changes will turn M into a multiple of 5*+1. Again, by adding 1 or 2 in front 
of the resulting number we complete the induction. 

We have showed that we can find an alternating multiple of 2%, and 2-5* 
having k + 1 digits. We may assume that it has an even number of digits, as 
otherwise we can add one more digit at the beginning such that the multiple 
is still alternating. Thus its leading digit is odd. Now if it has d digits, then 
multiplying it by a multiple of m of the form 10%@+) + 10@-D@+) +... +1 
(which we proved above exists), we construct an alternating multiple of 2*m 
or 2-5*m 

Thus for n of the form 2¥ - m, 2-5*-m or 5*-m, an alternating multiple 
exists. So the answer to our question ì is all numbers except for the multiples 
of 20. 


Problem 6.29. (IMO shortlist 2000) Does there exist a positive integer n 
such that n has exactly 2000 prime divisors and n divides 2” + 1? 


books 


Solution. We prove the existence of an odd positive integer n divisible by 3, 
having exactly k prime divisors and dividing 2” + 1, by induction on k. 

The base case is k = 1 for which we take n = 3. 

Now assume that we have found n with k prime divisors and n | (2” + 1). 
As (x? — x +1,x + 1) | 3 (because z? — z +1 -— (x +1)(x —2) = 3), we deduce 
that either 2?” — 2” + 1 is a power of 3 or 2?” — 2” + 1 has a prime divisor p 
which does not divide 2” + 1 and thus does not divide n. 

The first case is impossible, as 2?” — 2” + 1 is not divisible by 9 since 
22n — 26k = 1 (mod 9), 2” = 2™+3 = —1 (mod 9), so 277-2" +1 = 3 
(mod 9). Thus there is a prime divisor p | 2?” — 2” + 1 which does not n. 
Then p | (23” +1) and 3 | (2?” — 2” +1), so 3np | (2” + 1)(22" — 2" + 1), 
hence 3np | (23? + 1) and since (23” + 1) | (29"P + 1), we have that 3np is the 
desired number. 


Problem 6.30. (IMO shortlist 2002) Let p1, p2,...,Dn be distinct primes 
greater than 3. Show that 2P1P2"Pn + 1 has at least 4” divisors. 


Solution. We will prove the result by induction on n. Before we do that let 
us prove some preliminary results: 
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Lemma 1. If gcd(a, b) = 1 and a,b are odd, then gcd(2° +1,2? + 1) =3. 
Proof. Let d = ged(2% + 1,2? + 1). 3|d and 
d| ged (274 — 1, 27° — 1) = 28°4(2a,2) _ 1 = 22 — 1 = 3, 
so d = 3. 
Lemma 2. If a is an odd positive integer and 3 ła, then 9 { (2% +1). 


Proof. If a = 3k+1 we have 27+1 = 2(23*4+1)—1 = 9t—1, and if a = 3k+2 
we have 27+ 1 = 4(2% + 1) -3 = 9% — 3. 

Back to our original problem, let N = pı - p2... * Pn and N’ = x 

The base case n = 1 is easy to prove, since 2? + 1 has the divisors 
1,3, =t*, 2? +1 and we have 3 4 ZH because p > 3. 

Assume that we have proved the result for n — 1, where n > 2. This means 
that 2M" + 1 has at least 4-1 divisors, Notice that 


| 
(2M +1) | (2% +15, 2?" +1] (2% +1), 
so by applying Lemma 1 to a = pn, b = N', we get 
Pr 445 ON 41 
3 2N' +10 
On the other hand, we clearly have 


2QPn + 1 a2 2N +1 
and Pn EE. 
3 2N' +1 


Pn < 


which means that 2th has at least four divisors: 
2Pn + 1 3 QN+1 2N +1 
di = 1, do = —————> SS a dd = 
Stas = Bea! te mies @Neded te ON? a 


and the inequalities give pnd, < dx41. For each d | (28 ee 1), each of did is a 
divisor of 2% +1. Since 
2N +1 


Mg eed +1,20 (Pa-1) = ON n=) 4...41) 


gcd(2™ +1, 


= ged(2"" + 1, pn) | Pn, 
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we cannot have d;d = djd’ with i < j as gcd(d;,d) | pn would force dj | dipn, 
and hence d; < dipn, contrary to our construction. Thus the divisors d;d are 
distinct. 
Hence 2" + 1 has at least 4-4"—! = 4” divisors. 
$ a? + b? 
Problem 6.31. (IMO 1988) Show that if a,b and q = wee 


negative integers, then q = gcd(a, b)”. 


are non- 


Solution. We will prove the result using induction on ab. For ab = 0, things 
are clear. 

For ab > 0, by symmetry, we can assume without loss of generality that 
a < b. Assume that the result holds for all possible values less than ab. To 
use the induction hypothesis, we look for an integer 0 < c < b such that 


R 


a? + ce 
~ “ae+ 12 


We can find the value of c oo since 


sere) 


0<c<b. 


math_£ 


so 


b+c 
= re =qec=aq-b. 


Since c = aq — b and q = (a,b), we have that q = (a,c) as well. Therefore, 
from the inductive hypothesis for q = (a,c)? we have the result for q = (a, b)?. 
The only thing left to show is that we indeed have 0 < c < b. For this, notice 
that 


ee e 
ab+ ab b a 
so 
a? b? 
ag<—+b< Z +b = 2b > ag — b<b=>c<b. 
Moreover, 


O e+e 
~ ac+1 
This completes our proof. 


—1 
T RE S 
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Problem 6.32. (IMO 1999 shortlist) Prove that there exist two strictly 
increasing sequences (an) and (bn) such that an(@p +1) divides b? +1 for every 
natural n. 


Solution. We begin our solution by noting that it suffices to find positive 
integers cn, dn such that an | (c +1), (an +1) | (d2, +1), because then, since 
(Gn, an + 1) = 1, we can find bn = cn (mod an), bn = dn (mod an + 1). 

Let us show that a, = 5?” works.We have an + 1 = 52" +1 = (5")? +1, so 
all we need to show is that there is some cn such that 5?” | (c2 + 1). 

We can show something more general: if p is a prime of the form 4k + 1, 
then there is a tn such that p” | (t2 +1). 

We construct tn inductively. Since p = 1 (mod 4), the Legendre symbol 
(=) = 1, so tı exists. 

For the induction step, assuming that p”! | (t2_, +1) we have to find 
k € {0,1,...,p — 1} such that p” | Rtn—1 + kp"-1)? +1). This reduces to 


2 =| 
p| fay + 2kt,-1}, and it is clear that we can find such a k. 


1:@ 


pi 


Problem 6.33. Prove that for any two positive integers n and m, we have 


gcd (Fh, Fm) = Fgcd(n,m): 


Solution. We first note that two special cases are trivial. If n = m, then the 
identity becomes gcd(Fim, Fm) = Fm, which is obvious. If n = m+1, then the 
identity becomes gcd(Fim+1, Fm) = 1. This follows easily by induction on m. 
The base case reads gcd(Fo, F3) = ged(1,1) = 1. The inductive step follows 
since 


gcd(Fm+1, Fm) = gcd(Fm4i — Fm, Fm) = gcd(Fm-1, Fm) = 1. 


We will prove the general result by induction on n + m. 

If n+ m = 2, then, since n and m are positive integers, we must have 
n = m = 1, and this case was treated above. 

Now let k be a positive integer, and assume that the relation gcd (Fy, Fm) = 
Fgca(n,m) holds for any two positive integers n and m with n+ m < k. We 
will then show that it also holds for any two positive integers n and m with 
n+m=k. 
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Let n and m be two such integers. The case n = m was handled above, 
so without loss of generality, we can assume that n > m. Then, n— m is a 
positive integer. Now, applying Cassini’s identity: Fm+n = Fm+1 Fn + FmFn-1 
to the positive integers n — m and m, we get 


Fn = Fin-m)+m = Fn-mFm+1 + Fin-m)-1 Fm. 
Thus 
gcd(Fn, Fm) = gcd(Fn-mFm+1 + Fn-m-1Fm, Fm) = ged(Fn-mFm+1, Fm). 
But we saw above that Fm+1 and Fm are relatively prime, so this gives 


gcd( Fr, Fm) = gcd(Fn-m, Fm) = Fgca(n—m,m) = Fgcd(n,m)» 


oks 


where the second inequality is the induction hypothesis. 


Problem 6.34. Let n be a positive integer which is not divisible by 3. Show 
that 23+y3 = z” has at least one solution (x,y,z) with x,y, z positive integers. 


Solution. We prove the result by induction on n, when n #0 (mod 3). The 
base cases are n = 1 and n = 2. For n = 1, we have 18 + 2° = 9. For n = 2, 
we have 1° + 2° = 32. 

For the induction step, assume that we have 


r? +y = 2", for n#0 (mod 3). 
We then take tn43 = Zn£n, Yn+3 = ZnYn, 2n+3 = Zn and we have 


3 3 
Ln43 F Y3 = za (x3 + ya) 


This completes our proof. 


Remark. There is also a short proof for the above question which does not 
use induction: If n = 3r +1, take x = a(a? + b?)", y = b(a? +b)", and 
z = a +8. If n = 3r + 2, take z = a(a? + b8)?" tt, y = b(a? + b8)? tt, and 
z = (a? + b)?. 
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Problem 6.35. Let n be a positive integer. What is the largest number of 
elements that one can choose from the set A = {1,2,...,2n} such that the 
sum any two chosen numbers is composite? 


Solution. We prove by induction on n that if we choose n + 1 numbers from 
A, then there exist two numbers whose sum is prime. 

When n = 1, there is nothing to prove, as 1+ 2 = 3 is prime. 

Assume now that the statement holds for all integers 1 < n < m—1, 
m > 2, and we show that it also holds for n = m. 

By Chebyshev’s theorem, there is a prime number in the interval (2m, 4m), 
call it p. Let p = 2m+k, for some k > 0. Then k is odd and k—1 < 2(m—1). 
Notice that if we choose m + 1 numbers from the set {1,2,...,2m}, we either 
choose more than half of elements in the set {1,2,...,4—1} or by Pigeonhole 
Principle, we choose both elements ofone of the following pairs: 


abc 


k+2m-1 eas) 


(k, 2m), (k, 2m —1),..., 5 ; 5 


nm: @ 


In the first case, the conclusion follows from the induction hypothesis ap- 
plied to n = (k — 1)/2, while in the sécond case the result holds because the 
sum of elements in each of the above pairs is p. 

This completes our induction. 

To finish the question, notice that an example with n elements is given by 
choosing the elements 2,4,6,...,2n. 


Problem 6.36. (Bulgaria 1999) Find the number of positive integers n, 
4 < n < 2% — 1, whose binary representations do not contain three equal 
consecutive digits. 


Solution. Let a, be the number of numbers having k digits in binary and 
not containing three consecutive digits. Then the answer to our question is 
a3 + a4 +... +akp. To establish a recurrence for az, we use a method which 
is very helpful for many similar problems: we split the sequence into more 
sequences which are easier to investigate. 

More precisely, we define a(00)n, a(01)n, a(10)n, a(11)n to be the number 
of numbers of n binary digits that do not contain three consecutive equal digits 
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and end up in 00, 01, 10 and 11, respectively (in binary). By looking at the 
third digit from the end we establish the following relations: 


(00)n = a(10)n-1; 
a(01)n = a(00)n—1 + a(10)n-1; 
a(10)n = @(11)n—1 + a(01)n-1; 
(11) a(0l)n-1. 


a 


a n 


From these, we get that 
a(00)n + a(11)n = a(10)n-1 + a(01)n-1 
and 


a(10)n + a(01)n = a(00)n-1 + a(11fn-1 + a(10)n-1 + a(01)n-1 = an1: 


Hence a(00)n + a(11)n = an-2, 50 


:@math_bgoks 


a(00)n ag a(11)n F a(10)x + a(0l)n = = An—-1 + An-2. 


Since ag = 3, a4 = 5, we conclude that an = Fr41 by induction on n. So the 
desired number is F4 + F5 +...+ Fy. Now the relation Fj + Fo +... + Fk = 
F429 — 1 (which follows by a simple induction on k), gives us that the answer 
to our problem is Fy42 — 1 — Fy — Fo — F3 = Fk42 — 5. 


Problem 6.37. Prove that every positive integer is a sum of one or more 
numbers of the form 273°, where r and s are non-negative integers and no 
summand divides another (for example, 23 = 9+ 8 + 6). 


Solution. We prove the statement using Soeg induction. The base cases 
n = 1, n = 2 and n = 3 are clear. 

For the induction step, assume that the ee holds for all integers less 
than some n > 4. We distinguish two cases: 

If n is even, then 5 can be properly represented. By multiplying each of 
the powers in the representation by 2, we get a representation of n. 

If n is odd, then let 3* < n < 3*+!. If n = 3° the representation is clear. 


If n > 3*, then nee is an integer which can be represented as a desired sum. 
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Multiply each term in the representation of 73 3° by 2 and add 3%. We claim 
we get a good representation for n. Clearly fi summand coming from the 


: _ gk oe ; 
representation of me can divide another such summand. Also since all such 
n—3* 

2 


summands are even they cannot divide 3*. Since is less than 3*, no 


summand coming from the representation of n—3t can be divisible by 3°. 


Problem 6.38. Let p > 3 be a prime and let a1, a2,...,ap-2 be a sequence 
of positive integers such that p does not divide either a, or af — 1 for all 
k = 1,2,...,p— 2. Prove that the product of some elements of the sequence 
is congruent to 2 modulo p. 


Solution. Clearly 2 is not really relevant modulo p, so we may suspect that 
any non-zero residue modulo p may be represented as the product of some 
elements of the sequence. A naturak approach by induction would be the 
following statement: 

The set of products of elements Fi the set {1,a1,a2,...,a,} contains at 
least k + 1 distinct residues modulo p {we added 1 to our set because we need 
a ae of k + 1 numbers to build k +1 different residues and the condition 

pt ak — 1 implies that none of a,’s is equal to 1). 

The base case k = 1 is true as a; and 1 have different residues modulo p. 

Now assume that there are j elements 61, 62,...,b; with different non- 
zero remainders modulo p represented as the product of some elements of 
the set {1,ai,...,a;-1}. The numbers 61a;, b2a;,...,b;a; also have different 
non-zero remainders modulo p. These remainders cannot be a permutation of 
bi, bg,...,b;, because otherwise by multiplying we would get 


boo 


byb2...b; = (ajbı)(ajb2).. . (ajbj) (mod p), 


thus af = 1 (mod p), which is a contradiction. So one of the numbers a,b; 
does not give the same residue modulo p as any of the elements in the set 
{b1,62,...,b;}. Hence the set {b1,b2,...,bj, ajbi} is the desired set of j + 1 
numbers. This establishes the induction step. 

According to the above result, the product of some elements of 
{1,a1,...,@p-2} is congruent to 2 modulo p, because all the p — 1 different 
nonzero residues modulo p were proved to be represented as such a product. 
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We can remove 1 from the set since it is irrelevant for the products, and we 
get that the product of some numbers from {a1, a2,,...,@p—2} is 2 modulo p. 


Problem 6.39. Let n be a positive integer. Prove that the number of ordered 
pairs (a, b) of relatively prime positive divisors of n is equal to the number of 
divisors of n?. 


Solution. We will prove the result by induction on the number of distinct 
prime factors of n. As usual, we denote the cardinality of a set S by |S|, and 
the number of positive divisors of an integer n by T(n). 

The base case n = 1 is immediate. Now suppose n has only one prime 
factor, n = p*. Then T(n?) = r(p**) = 2k +1, and 


[{(a,6) : a|n,6|n, gcd(a, b) = 1}| 


Soks 


= |{(,1): 1<i <k} +H pP} 1< i< k} +H, 1} = 2k + 1. 


at 


For the induction step, suppose that-n = = mpř, where the prime p is not a 
factor of m. Since the function 7 is multiplicative and gcd(m?, p?*) = 1, we 
have T(n?) = 7(m?)(2k + 1). By the induction hypothesis we obtain 


\{(a,b) : a | m,b | m, gcd(a, b) = 1}| = r(m?). 
We now see that 
{(c,d) : c| n,d | n, gcd(c, d) = 1}| = { (a,b) : a | m,b | m, gcd(a, b) = 1} 
+ |{(ap*, b) : a | m,b | m,gcd(a,b) = 1,1 <i < k} 
+ |{(a, bp") : a | m,b |m, gcd(a, b) = 1,1 <i < k}| 
= 1(m?)(2k +1), 
which completes the proof. 


Problem 6.40. Prove that for each integer n > 3, there are n pairwise distinct 
positive integers such that each of them divides the sum of the remaining n—1. 


Solution. We proceed by induction on n > 3. The base case is n = 3, for 
which we can take (3,6,9) as an example. 
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Assume now that the statement holds for some n > 3 and let 
(£1, Z2,...,2£n,) be n pairwise distinct positive integers with this property, and 
let s be their sum. Then the statement also holds for (z1, 22,...,2n, 8), since 

from the induction hypothesis we have 


n n n 

tll Scajt+s |=| X rtrt) z |, Vie {1,...,n} 
j=1 j=1 j=1 
j+i j+i j#i 


The check for s is immediate. This completes our induction step and thus the 
proof. 


Problem 6.41. (USAMO 2008) Show that for all positive integers n we 
can find distinct positive integers a1, a3, . . an such that a1 -ag---ay,—1 is the 
product of two consecutive integers. 


aath_boq 


Solution. We prove the result by inguction on n. For n = 1, choose a, = 3 
and we have aj — 1 = 1(1 + 1). For n= 2 choose a; = 1, ag = 7 and we have 
that a, - a — 1 = 2(2 + 1). 2 

Assume now that the result holds for some n > 2, that is, there are distinct 
positive integers a1, . . . an such that a1-a2---a,—1 = k(k+1), for some positive 
integer k. This implies that 


ai -az:--an =k? +k+1, 
so 
(k? —k+1)- a1 -aztan = (k? -k+ 1)(k? +k +1) =k +k? +1. 
So we choose an+1 = k? — k + 1 and we have that 
ai- az- an4 — 1 = k?(k? +1). 
Also, from aj - a2:--an — 1 = k(k + 1), we have that none of a1,...,an can 


be equal to k? — k + 1, since 2(k? — k + 1) > k2? +k for any k > 3. Hence 
Q1,---,@n41 are all distinct. This completes our induction. 
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Problem 6.42. We begin with a triple (a,b,c) of positive reals a,b,c, such 
that a < b < c. Starting with the given triple, at each step, we perform the 
transformation 

(x,y,z) > (|e — yl, ly — z|, |z — zl). 
Prove that we can eventually reach a 0 in one of the triples if and only if there 
exist positive integers n > k > 0 such that and 


nb = ka + (n — k)c. 


Solution. Let 
nb = ka + (n — k)c, (5) 


where ne N,kEZandn>k>0. 

We prove by induction on n that we can eventually reach 0 in one of the 
triples. 
If n = 1, then b = a or b = c, thus |a = b| = 0 or |b — c| = 0. 

For the induction step we show that if the statement holds true forl<n< 
S — 1, where S > 2, S € N, then it also holds for n = S. 

Let Sb = pa + (S — p)c, S > p > 0, SEN, p E Z. 


IfO0<p< z we have that 


@rmafh_boo 


(S — p)(a — b) = p(b — c) + (S — 2p)(a— c). 
Therefore, 0 will be in one of the triples obtained from the triple 


(la — bl, |b — el, |c — al). 
If > < p < S, the conclusion follows from the fact that 


p(b—c) = (S — p)(a — b) + (2p — S) (a — ©). 


If p = 0 or p = S then we clearly have the result as well. 

Conversely, let us now prove that, if 0 is in one of the triples, then (5) holds. We 
notice that, if for some triple (5) holds, then it also holds for any triple obtained 
before this triple: assume that we have obtained the triple (£ — y, y — z, £ — z) 
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from the triple (x,y,z), where x > y > z > 0 and let y — z > x — y. We have 
that 
ny — z) = k(z — y) + (n— k) (a — z). 


Therefore, 
(n + k)y = nz + kz. 


Hence, if 0 is in one of the triples obtained from the triple (a,b,c), then the 
triple (d, d,e), where 1-d=1-d+0-e, is the triple that precedes the triple 
containing 0 in the sequence of transformations. So (5) holds for this triple and 
therefore, (5) holds for (a,b,c) too. This completes the proof of the question. 


Problem 6.43. (Poland 2000) A sequence pi, p2,... of prime numbers sat- 
isfies the following condition: for n > 3, Pn is the greatest prime divisor of 
Pn—1 + Pn—2 + 2000. Prove that the sequence is bounded. 


Solution. Let bn = max{pn, Pn+1} for, n> 1. 

We first prove that bn+1 < bn + 2002 for all such n. Certainly Pn+1 < bn, so it 
suffices to show that pn+2 < bn + 2002. If either pn or pn41 equals 2, then we 
have Pn+2 < Pn + Pn+1 + 2000 = bn +2002. Otherwise, pn and pn+1 are both 
odd, so Pn + Pn+1 + 2000 is even. Because Pn+2 Æ 2 divides this number, we 
have 


Pn + Pn+1 + 2000 = Pn + Pn+1 


9 + 1000 < bn + 1000. 


Pnt2 ŞS 


This proves the claim. 
Choose k large enough so that bı < k - 2003! + 1. We prove by induction that 
bn < k- 2003! + 1 for all n. If this statement holds for some n, then 


bn+1 < bn + 2002 < k - 2003! + 2003. 


If bn+1 > &- 2003! + 1, then let m = bn+1 — k- 2003!. We have 1 < m < 2003, 
implying that m | 2003!. Hence, m is a proper divisor of k - 2003! + m = bnii, 
which is impossible because bn+1 is prime. Thus pn < bn < k-2003!+ 1 for all 
n, which establishes the result we wanted to prove. 


Problem 6.44. Prove that for all positive integers m, there exists an integer 
n such that ¢(n) = ml. 
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Solution. For k > 1, let py, be the k-th prime number. We will prove by 
induction on m that if pp < m < pk+1 then there is a number n whose 
prime factors are p),...,px with some (positive) multiplicities and such that 
p(n) =m. 

The base cases are 1! = (1), 2! = ¢(4), 3! = (18), 4! = (72). 

Suppose now the result holds for all values smaller than m. If m = pg, then 
by the induction hypothesis, we have 


(pk — 2)! = (pt - p?-...- pT), 


for some positive integers e1,...,e,-1. By the multiplicative property of ¢, 
we have 


(Pz) (Pe — 2)! 


= olp oli pF +... - pT) 
Pl «py... PRT PR) 


pk! = pk(pk — 1) (pk — 2)! 


itll bod ks 


1:@m 


This proves the statement for m = pk 


pi 


srar 


D 
56 

3 

ll 
amt 


Assume now that pk < M < prii. T p;. Also by the induction 


Tel 


hypothesis, we have 


plp” - ph»... pet) = (m—1)}, 


for some positive integers (1,...,8,. Since the 6; are positive we have 
ml =m: (m—1)! = ptt «ph? -... -pp oR pb -e pfr) 
= (ptm . porter ee » pk tony, 


This completes the inductive step and the proof. 


Problem 6.45. (Bulgaria 2012) Let p be an odd prime and let a1, .. . , @ap—1 
be distinct integers lying in the interval [1, p?] such that their sum is divisible 


by p. Prove that there exist positive integers b),...,b2,)-1 none of which is 
divisible by p, such that their representation in base p contains only 1 and 0 
2p—1 


and such that Y` ajb; is divisible by p°®!?. 
j=l 
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Solution. We shall prove the statement for any exponent n > 1 of p, not just 
2012. We begin by showing the following: 


Lemma. If x1,...,%p—1 are positive integers, none of which is divisible by p, 
then for all 1 < r < p — 1 we can choose some of the z;’s such that their sum 
is r modulo p. 


Proof. Let 1 < k < p—2 be such that the numbers r),...,7,% have different 
residues modulo p. Adding x;,41 to each term, we obtain the sequence 


Tk+1 + T1, Ek+1 +12,.--,Lepi + Pr. 


Notice that no two terms in the new sequence will give the same residue 
modulo p. Also notice that the residues given by the second sequence cannot 
be a permutation of the residues from the first sequence, as we would then 
have ; 


C 


&math_bo 


rı +T2 +... +Tk = (ri + Tkt) +... + (re +2e41) (mod p), 


m 


giving k- 7,4; = 0 (mod p), which cotitradicts the fact that p+ ap41. There- 
fore, we obtain at least one new residue by this construction and inductively, 
we can obtain all the non-zero residues. This proves our lemma. 

Back to our problem, we prove by induction on n that we can choose numbers 


b; with at most n digits in base p and all base p digits either 0 or 1, such that 
2p—1 
the sum 5 ajbj is a multiple of p”. 
j=l 
2p—1 
The base case is n = 1. For this, we know that p | 5D ai, SO we can choose 
i=1 
bi = bg =... = bop = 1. 
For the induction step, assume that there are n-digit positive integers 
b1,.-.,b2p-1, none of which is divisible by p, such that their representation 
in base p contains only 1 and 0 and such that 


> ajb; =p": A, where Ac N*. 
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We can assume that A is not divisible by p (as otherwise we would be done). 


Since a1,. ..,a2p—1 € [1, p?], there are at least p — 1 numbers in this sequence 
which are not divisible by p. Without loss of generality, let them be a1, . . . , ap. 
By our lemma, we can find aj1,...,a, such that 


a, +ag+...+a,+A=0 (mod p). 


Now set b; = bi + p”, for i =1,...,k and b} = bj, for j =k+1,...,2p—1. 


These numbers satisfy all the required conditions, and by above we have that 
2p—1 


>D ab; is divisible by p"*!, which completes our proof. 

l=1 

Problem 6.46. (Poland 2010) Prove that there exists a set A consisting of 
2010 positive integers such that for any nonempty subset B C A, the sum of 
the elements in B is a perfect power greater than 1. 


Solution. We prove by induction ont that for every 0 < t < 22010 _ 1 there 
exists a set U; of 2010 positive integers such that at least t nonempty subsets 
have their sums of elements a perfect: power greater than 1. The base case 
t = 0 is trivial since we can just take any set of 2010 positive integers. 

Assume now that we have constructed a set U; for some 0 < t < 22010 1. 
There are t subsets of U, whose sums are perfect powers and let the sums 
of these subsets be nj,...,n/*. Let V be any other subset of U, and let c 
be the sum of elements of V. We define U:+1 to be the set consisting of all 
elements of U; multiplied by clem(mi,...me) ie, 


U1 = {a s clem(m1,....me) Se Uy}. 


Notice that the t subsets of U; whose sums were perfect powers give subsets 
of Ui41 whose sums are perfect powers. Moreover, the sum of elements in the 
subset of U;41 which corresponds to V is now c!t!em(™1,...m+) hence a perfect 
power. This completes the inductive step. 

The set Up2010_; will be the desired set A. 


Problem 6.47. (AMM) For a positive integer m, we let o(m) be the sum 


o(m) = 5 d. 
1<d<m 
dlm 
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Prove that for every integer t > 1 there exists an m such that 


m <a(m) <a(a(m)) <...<o'(m), 


where of =gogo...og, 
Ne a 


k terms 
Solution. We prove the following, stronger statement: For all positive inte- 
gers t, there exists a positive integer n, such that for all positive integers m 
for which nz | m and gcd(nz, 7) we have 


m <a(m) <a(a(m)) <... < o(m). 


We prove this by induction on t. The base case is t = 1, for which we can take 
nı = 12. 

Assume now that we have constructed ni for some t > 1. Choose a prime p 
which does not divide nm and let k > 1 be such that 


p =1 (m med ni (p—1)). 
(one can take for example k = ¢(n?(p:— 1))). We claim that n41 = p*-!- ne 
satisfies the required properties for the induction step. 
Indeed, let m be such that n41 | m and gcd(nt41, aa) =i 
Also let ae m +(m). Notice that vp(m) = k — 1 and A(p*7!) | A(m), 


so we have n2 E- wok | A(m). Hence 


= 


a(m) = A(m) —m=—m (mod n?) > ged(ne, an =1. 


From the induction hypothesis, o(m) satisfies the conditions of the problem, 
so we have 


a(m) < 07(m) <... < o*(a(m)) = t! (m). 
Since gcd(nz, 5) = 1, we also have m < o(m) and we are done. 


Problem 6.48. (Moscow 2013) For a positive integer m, we denote by S(m) 
the sum of digits of m. Prove that for any positive integer n, there exists an 
integer k such that 


S(k)=n, S(k?)=n?, S(k3) =n3 
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Solution. We prove by induction on n, the following, stronger statement: For 
any positive integer n, there exists a positive integer k, such that the decimal 
representation of k consists only of 1’s and 0’s, the decimal representation of 
k? consists only of 0’s, 1’s and 2’s, and 


S(k) =n, Sk) =n, Sk) =n. 


For n = 1 we simply take k = 1. Assume now that the result holds for some 
n > 1 and let kn be the corresponding desired number. Let d be the number of 
digits of kn. Now take kn41 = kn + 10102. We prove that this number satisfies 
the conditions for n + 1. We clearly have S(kn+1) = 1 + S(kn) = n+ 1 and 


S(k2 41) = S(kŽ + 2kp 104 + 1074) = $(k2) + 25 (kn) +1 = (n+ 1)’, 


since k2 < 1074, 2ky,1010¢ < 1074, so the numbers k2, 2k, - 10104 and 10704 do 
not share common digits which can affect their addition. Moreover, since k2 
consists only of the digits 0, 1 and 2,-the same holds for k2,,. By a similar 
argument we have that the number = 


@m 


Y 


k31 = k3 + 3k2 - 10894 + 3k 1020 + 10304 
satisfies S(k3,,) = (n + 1)’. This cornpletes our proof. 


Problem 6.49. Establish whether there exist positive integers a1 < ag < 
... < an < ... such that every number in the sequence a7, a? + a,..., a? + 
az Feat a2, ... is the square of a positive integer. 


Solution. Let us take a; = 3 and for k > 1 we set 


2 2 2 
aj;tas+...taz—1 
Oey, = A rl k 2 z k : 


We first show that for n > 2, an is an even number. We do this by induction 


on n. 
For n = 2, we have ag = =! = 4, 

Assume now that the result holds for all numbers ag,...an, where n > 2. 
By definition we have 


af+az+...+a2—-1 
n = — s 
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As all of a2,...,an are divisible by 2, we have that a3 +... + a2 is divisible 
by 4. So by adding a? — 1 = 8, we obtain a number divisible by 4. Thus 


a? +a +... +a2-—1 
Ge a, aan 


is even, as we wanted. 
Note that ag41 > ak since 


af —2+...+a%,, + (ax — 1)? 


9 > 0, 


Ak41 — ak = 
for any k > 1. 
On the other hand, we have that 


Cae 


a tas+...taz+azy, 9 


math lbooks 


didt teiti 


and by what we proved above, 5 


any k > 1. 
Therefore, the sequence we puntnicied satisfies all the conditions of the prob- 
lem. 


is a positive integer for 


Problem 6.50. For which pairs (a,b) of positive integers do there exist only 
finitely many positive integers n such that n? | a” +b”? 


Solution. Let (a,b) be a pair of positive integers for which there exist only 
finitely many positive integers n such that n? | a” +b”. 
We begin by proving that if a and b have different parity, then a = 2 and 
b = 1 (or vice-versa). 
So let us assume that a > 3. We show by induction on k that the sequence 
(nx)e>1 defined by nı = 1 and 
a” + 6" 


= ——, Vk>1 
Nk+1 nk ’ = 


satisfies ng € N, n2 | a™ +b", and ni < ng <... 
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If k = 1, the result clearly holds, as nı = 1 and 1 | (a+ b). 
For the induction step, we prove that if the result holds for k > 1, then it 
also holds for k + 1. 


From the induction hypothesis we have that ng € N, 
n2 |a" +b" and ny<ng<...< nk. 


Note that a”* + b”* is an odd number and therefore nę is odd as well. Let 
a™ + b”k = n2-m,, where m, is an odd number. We have that 
k 
alk 4 $e 3k 


nki = ————— > — >n: 
Nk Nk 


Indeed, the number of terms in the sequence /3, V3, ree V3" is equal 
to nk and 


ith_boo 


fr a 9/8" 5/3" GB 1) SW/3= 1) S41, 


where m € N. Thus V3™ > ng, hence: 3" > nz. 
It follows that z 


am, 


a™e + 5% 
y= =— a > 1. 
nk 
We have that m, is an odd number, hence 


Qgik-1 4 BPk-1 = qPkMk 4 prem 
= (aP + BPK) ((aPe M-I — (qhe)ma—2pme 4 4. (BMH) MRL) 
= MeMe41(Me¢1 ` Ak + me (b"*)™—*) 
= ngpi (Ak np + (6%*)™*—1)), 


where A; € Z. Thus, Tee | (ae+1 + B41) and ny < no <... < Nk < Nk+1 

This shows that we cannot have a > 3. The same proof applies if we 
assume b > 3. It follows that a = 2, b = 1 (or vice-versa). When a = 2, b = 1 
we obtain n? | (2” + 1). It is a nice exercise to show that this can only happen 
when n=l orn=3. 
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We now treat the case when a and b are even numbers. We consider the 
sequence (nx)k>1 given by n, = 2*. From Bernoulli’s inequality, it follows 
that 2-1 > k. Hence (2*)? | (a + pry, for any k > 1. 

In a similar way one can prove that if p € N and p > 1, p | a, p | b, then 
(p*)? | aP" + BP, for any k > 1. 

This leaves us with the case when a and b are odd and coprime. Let 
a+b=2*.m, where k € N and m is odd. 

First suppose m > 1. We prove by induction on l, that if we consider the 
sequence nı = 1, 

ny nı 
ni4 = See for [>1, 
then n € N, 2° - (nj)? | (a +b), 25+ } (a™ +b) and ny < no <... < n. 

If l = 1, then 2% . 12 | a +b and 2*t!+a+. 

For the induction step we show that if the statement holds for l, then it 
also holds for l+ 1. We have that a +b > 3- 2*, hence 


DIY 


n 
ltl Qk. n = Qkal. ny = Qk-1. ny l 


On the other hand, we have that nj41 > 1 is odd. Let nj41 = nı: mı, where 
mı > 1 is odd. It follows that 


ati p p+ = (a™)™ + (mm 
= Enmig (Enna — prijmu — (Enma = a is ae OMe +t (Gy) 
= Fna (nny Ay + mb"), 
where A; € Z. Therefore, the number 
anti 4 pm = Pag a (2'n? A, T pr(m—-1)) 


is divisible by 2% - n?., and it is not divisible by 2*+1. 
This proves that we must have m = 1. Thus, a +b = 2*, a and b are 


relatively prime. 
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Let n > 1 and 
n? | a™ +5". (6) 
Note that n is odd, as for n even, we would get 4 f (a” + b”), while both 
a” and b” are 1 modulo 4. 
Let p be the least prime divisor of n. Then p is odd and from (6) we deduce 
that pfa, p{b (because if it divides one, it must divide the other as well). 
By Fermat’s little theorem, we obtain that 


pe Si al) Sar re 


On the other hand, we have that a” +b” | a?” —b?”. Thus, p | a?” — b?”. If 
a = b, then a = 1, b = 1 and these values satisfy the conditions of the problem. 
If a > b, then 


p | (a Qn pr, a?! = p71 = g(2np-1) = p(2n.P— 1) x. = a? =_ b2. 


math Hooks 


We also have that a+b = 2}, therefore p|a—band p | (a” — b”). On the 
other hand, p | a” +b”. Hence, p | a and p |b. This leads to a contradiction. 

Thus, up to permuting a and b, the pairs (a, b) satisfying the conditions of 
the problem are (2,1), (1,1) and (ak - 21+ 1,2l — 1), where k € N, k > 2 and 
l=1,2,...,25-2., 
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7 Combinatorics 


Problem 7.1. (IMO 2002) Let n be a positive integer and S the set of 
points (x, y) in the plane, where z and y are non-negative integers such that 
z+y <n. The points of S are colored in red and blue so that if (x,y) is 
red, then (z’,y’) is red as long as x’ < x and y’ < y. Let A be the number 
of ways to choose n blue points such that all their z-coordinates are different 
and let B be the number of ways to choose n blue points such that all their 
y-coordinates are different. Prove that A = B. 


Solution. Let a; be the number of blue points with x-coordinate equal to k 
and bk the number of blue points with y-coordinate equal to k. Using n — 1 
times the law of the product, we have that A = aga1---@n—1. In the same 
way we have that B = bobi :--bn-1. ṣ 

We are going to prove that the numbers ao, @1,...,@n—1 are a permuta- 
tion of the numbers bọ, b1,..., bn—1 using strong induction. If we do this, we 
establish that their product is the same, so A = B. 

If n = 1, S consists of only one point. Then ao and bo are both 1 or 0 
depending on whether the point is painted blue or red, so ag = bo. 

Now assume that the assertion holds for every k < n and we want to prove 
it forn+1. 

There are two cases: 


1) Every point (x,y) with z + y = n is blue. If this occurs, we let S’ be 
the set of points (x, y) such that x+y < n and let aj, be the number of points 
in S’ with k in the z-coordinate and bi, the number of points in S’ with k 


in the y-coordinate. Then ap,a},...,a/,_; is a permutation of bp, bi,...,b,_1 
from the induction hypothesis. Moreover, we know that an = bn = 1 and 
ak =a, + 1, bg = bi, +1 for every k < n. So bo, b1,..., bn is a permutation of 
a0, a1; -< -3 an. 


2) At least one of the points (x,y) with z +y = n is red. Suppose that the 
point (k,n — k) is red. Let Sı be the set of points (x,y) with r +y < n+1, 
z < kand y > n-— k. Notice that ag,a1,...,@,-1 and bp_441, bn—K+42,---, bn 
are the a; and b; that would be associated with S1. Therefore, from the 
induction hypothesis, one must be a permutation of the other. In a similar 
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manner we obtain that ak+1, @k42,.--,@n is a permutation of bo, b1, . . . ,bn—-k+1- 
Finally, a, = b;_, = 0, so putting all together, we have that ao, a@j,...,@n is 
a permutation of bo, b1,.-.-., bn- 


Problem 7.2. (IMO 2013 shortlist) Let n be a positive integer. Find 
the smallest integer k with the following property: Given any real numbers 
Q1,---,@q Such that ay +ag+...+ag=nand0<a; < 1 for i =1,2,...,d, 
it is possible to partition these numbers into k groups (some of which may be 
empty) such that the sum of the numbers in each group is at most 1. 


Solution. The answer to the problem is k = 2n — 1. If d = 2n — 1 and 
a, =... = Q2n-1 = z>» then each group in such a partition can contain at 
most one number, since pay > 1. Therefore, k > 2n — 1. It remains to show 
that a suitable partition into 2n — 1 groups always exists. 

We proceed by induction on d. For d < 2n — 1, the result is trivial. If 


d > 2n, then, since 


@math 


(ai tag) +... + 


gax 


{a2n-1 + Gon) < N, 


I 


we may find two numbers di, a;41 such that Qi + ai41 < 1. We “merge” these 
two numbers into one new number a; + aj41. By the induction hypoth- 
esis, a suitable partition exists for the d — 1 numbers qj,...,a;-1,a; + 
Qi41,Aj;+2,---,@g. This induces a suitable partition for a1,...,ag. 


Problem 7.3. (TOT 2002) The spectators are seated in a row with no empty 
places. Each is in a seat which does not match the spectator’s ticket. An usher 
can order two spectators in adjacent seats to trade places unless one of them 
is already seated correctly. Is it true that from any initial arrangement, the 
usher can place all the spectators in their correct seats? 


Solution. The answer is yes. We prove this by induction on the number n of 
spectators. 

The case n = 2 is clear, since a single switch fixes everything. Assume 
now that the result holds for all numbers up to some positive integer n > 2 
and consider the situation when we have n+ 1 spectators. Denote by S; the 
spectator which has the ticket with number k. 
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Assume Sn+1ı is seated in the seat m for some m < n. If the spectators 
in seats m to n+1 are in order Sn+1, Sm, Sm4+1,---,5n, then we can fix them 
all by successively swapping S,+4, until he reaches his correct position. We 
are then done by the induction hypothesis applied to the first m — 1 seats. 
Otherwise, there is a least l > m such that the seat l is occupied by some Sz 
with x # l— 1. By construction, for m < k < L, the seat k is occupied by S,_1 
so we have in seats m to l the spectators Sn+1, Sm,» - - , S1-2, Sz. We perform 
a chain of switches to move Sz from the seat | to seat m + 1 and we obtain 
another derangement Sn+1, Sz, Sm, -- -, Sı—2 where now Sy is in the seat k +2 
form < k < l—1. This brings S, to the seat m+ 1 and now we can swap him 
with S,41, bringing Sn+1 one seat closer to his actual place without putting 
anyone else in his correct seat. We repeat this process until S,41 is in seat 
n+ 1 and then use the induction hypothesis. 


Problem 7.4. oes 1991) Several (more than two) consecutive positive 
integers 1,2,...,n are written ona blackboard. In one move, it is permitted 
to erase any pair of numbers, say p and q and replace them by the numbers 
p +q and |p — q| instead. In several=moves, a student was able to make all 
numbers on the blackboard equal to ke. Find all possible values of k. 


Solution. The answer to the question is that k can be any number of the 
form 2° for any s satisfying the inequality 2° > n. 

First notice that after any move, there are only non-negative integers on 
the board. If the sum and the difference of two integers are both divisible 
by an odd number d, then these numbers themselves are also divisible by d. 
Since 1 was among the initial numbers, k has no odd prime divisors. Thus 
k = 28. Since at any move, the maximum of the numbers on blackboard does 
not decrease, k = 2° > n. 

To prove that each number k = 2° > n can be obtained, we shall use 
induction. Observe that if at some stage zero appears on the blackboard, then 
each number can be doubled in two moves: 


(0,a) > (a, a) > (0, 2a). 
Thus, if the following zeros and powers of 2 are on the blackboard: 


(ee 0 oc DIT 25m, 


7. Combinatorics 329 


with at least one zero, then after several moves, it is possible to obtain 


0,2*,...,2*, k = max(k,..., km). 


Lemma. There is a sequence of moves that transforms the numbers 1, 2,...,n, 
where n > 3 into the numbers 0, 2°+!,...,2°+!, where s is the greatest integer 
satisfying the inequality 2° < n. 


Proof. It is easy to check that the lemma holds for 3 < n < 6. For example, 
1,2,3,4,5 > 1,2,2,4,8 > 0,1,4,4,8 — 0,8, 8,8, 8. 


Now assume that n > 6. Suppose that for n’ < n the statement of the 
lemma is true. Let us represent n in the form n = 2° + b, where 0 < b < 2°. If 
b = 2°, then n = 2°! and the inductive step is trivial, since oe the induction 
hypothesis 1,2,...,2 — 1 can be transformed into 0, 9s+1, ...,25t1, Suppose 
that 0 < b < 98 (mate that this implies either n = 7 or n > 8) and divide 
1,2,...,n into four groups: 

a) 1,2...,2—b— 1]; 

b) 25; 

c) 28 — 1,...,25 — b; 

d) 2° +1,...,2° +b. 

After b moves involving the pairs (2° + i, 2° — i), we get the following four 
groups: 

a) 1,2,...,25—b-— 1; 

b) 25; 

c) 2,4,6,..., 2b; 

d) SHL Debs ae gst1 

Since b = 3 for n = 7 and (2° — b — 1) +b = 2° — 1 > 7 for n > 8, in 
the first or third group, there are more than two numbers, so the induction 
hypothesis can be applied to this group giving at least one zero. For the other 
group, either it has at least three elements and we can also apply the induction 
hypothesis or this group contains only powers of 2. In both cases we get only 
zeros and powers of 2 on the blackboard. This proves the lemma. 

Let us now turn the original problem. Suppose that we want to obtain 
the numbers 2™,2™,...,2™ on the blackboard, where 2™ > n. First, using 


Telegram: @m 
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the lemma, we obtain the numbers 0, 2°+!,...,2°+!. Then, by doubling, if 
necessary, we can obtain 0,2™,...,2™, and finally 2”,2™,...,2™. 


Problem 7.5. (USSR 1990) We are given 4m coins, among which exactly 
half of the coins are counterfeit. All genuine coins have equal weights, all 
counterfeit coins also have equal weights, but a counterfeit coin is lighter than 
a genuine one. How can one determine all counterfeit coins in no more than 
3m weighings, using a balance without weights? 


Solution. We prove by induction the following, stronger statement: for an 
even number n, if n coins are given and if it is known how many coins among 
them are counterfeit, then it is possible to determine all counterfeit coins in 
[3n/4] weighings: 

For n = 2 the statement is true, since everything can be determined in one 
weighing. Suppose that n > 4. Let us compare two arbitrary coins. If they 
have different weights, we can classify:them and since 


peza] 1<, 


4 
the problem reduces to the same problem for n — 2 coins. 

So suppose instead that the compared coins have equal weights. Then we 
shall compare this pair of coins with another pair. If the weights differ, then 
we shall compare the two coins of the second pair and all four coins after that 
will be classified. Since 


m:@r 


oF 
= 
A 


Teleg 


Le | +3<[*], 
the problem reduces to the problem for n— 4 coins. If the two pairs have equal 
weights, we compare these four coins with another foursome. If these two sets 
of coins differ in weight, then the first can be classified and the problem again 
reduces to n — 4 coins. If the two sets have equal weights, we compare these 
eight coins with another eight and so on. 

If at some stage of this procedure a group of 2” coins differs from another 
group of 2™ coins, then the coins of the first group (which are identical) can 
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be classified. Since 


3 


eam- 


the problem reduces to the problem for n — 2” coins. Finally, if there are not 
enough coins to form another group of 2™ coins, then 2” > n/2 and the 2™ 
coins can be classified by choosing n — 2” of them and comparing them with 
the remaining n — 2™ coins. This completes our proof. 


Problem 7.6. (IMO 2006 shortlist) An (n, &)-tournament is a contest with 
n players held in k rounds such that: 


i) Each player plays in each round, and every two players meet at most 
once. 


ooks 


ii) If player A meets player B in round i, player C meets player D on round 


i, and player A meets player C in round j, then player B meets player 
D in round j. E 


ram 


Determine all pairs (n, k) for which there exists an (n, k)-tournament. 


Solution. Let t be the greatest integer such that 2° divides n. We will show 
that there exists an (n, k)-tournament if and only if k < 2¢—1. 

We first prove that if k < 2'—1, then there exists an (n, k)-tournament. 
Since we may partition our n players into > different groups of size 2 it 
suffices to prove this for n = 2°. 

For convenience, let us label the 2% players with the elements of (Z/2Z)', 
and label the different rounds with distinct non-zero elements of (Z/2Z)*. In 
the round with label j, let player a meet player a+ j. We then have a (2°, k) 
tournament, for if a—b = c—d = i, then a—c = b—d, for all a,b, c,d € (Z/2Z)*. 

We next prove that if k > 2 — 1, then there is no (n,k)-tournament. For 
this, we first prove an intermediate result: 


Lemma. The number of players in any minimal sub-tournament of an (n, k)- 
tournament is a power of 2. 


Proof. We induct on k. The case k = 0 is trivial. 
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Suppose now that all minimal sub-tournaments of any (n,k — 1)- 
tournament have sizes that are powers of 2. Then in any (n, k)-tournament, 
the minimal sub-tournaments, ignoring the last round, are powers of 2. Let 
S be the set of players for such a minimal tournament, and for any player a 
in the (n,k)-tournament, let K(a) be the player whom a meets in round k. 
Then either K(S) = S, or K(S) and S are disjoint; furthermore, K induces 
a bijection from S to K(S), so S and K(S) have the same cardinality. It 
follows that the minimal sub-tournament of the (n, k)-tournament containing 
any element of S has size either || or 2|S|, completing the inductive step and 
proving the lemma. 

To finish the question, we show that we cannot have an (n, k)-tournament 
if k > 2 — 1. Assume the contrary. Then every minimal sub-tournament of 
our tournament has a multiple of 2°+1 players, since each must have a size that 
is a power of 2, and no two players méet more than once. It follows that 2*+1 
divides n, which is a contradiction. This completes the proof of our initial 
claim. 


@ math 


Problem 7.7. In anmxn rectangular board of mn unit squares, adjacent 
squares are ones with a common edge,’ and a path is a sequence of squares in 
which any two consecutive squares areé-adjacent. Each square of the board can 
be colored black or white. Let N denote the number of colorings of the board 
such that there exists at least one black path from the left edge of the board 
to its right edge, and let M denote the number of colorings in which there 
exist at least two non-intersecting black paths from the left edge to the right 
edge. Prove that N? >2™"M. 


Solution. Suppose that a two-sided m x n board T is considered, where 
exactly k of the squares are transparent. A transparent square is colored 
only on one side (then it looks the same from the other side), while a non- 
transparent one needs to be colored on both sides, not necessarily in the same 
color. 

Let C = C(T) be the set of colorings of the board in which there exist two 
black paths from the left edge to the right edge, one on top and one underneath, 
not intersecting at any transparent square. If k = 0, then |C| = N?. We prove 
by induction on k that 2*|C| < N?. This inequality will imply the statement 
of the problem, as |C| = M for k = mn. 
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Let q be a fixed transparent square. Consider any coloring B in C. If q is 
converted into a non-transparent square, a new board T” with k—1 transparent 
square is obtained, so by the induction hypothesis, 2*-!|C(T")| < N?. Since 
B contains two black paths at most one of which passes through q, coloring 
q in either color on the other side will result in coloring C”. Hence |C(T")| > 
2|C(T)|, implying 2*|C(T)| < N? and finishing the induction. 


Problem 7.8. (IMO shortlist 1998) Let U = {1,2,...,n}, where n > 3. A 
subset S of U is said to be split by an arrangement of the elements of U if an 
element not in S occurs in the arrangement somewhere between two elements 
of S. For example, 13542 splits {1,2,3} but not {3,4,5}. Prove that for any 
n — 2 subsets of U, each containing at least 2 and at most n — 1 elements, 
there is an arrangement of the elements of U which splits all of them. 


Solution. The proof is by induction en n. The base case n = 3 is clear. 

For the induction step, assume that the result holds for all integers which 
are less than some n > 4. Consider the subsets U1, U2,...,Un—2 of S. We 
want to remove an element x from Sand apply the induction hypothesis for 
some n—3 of U;\{z},...,Un-2\{z}. Assume k of the sets have n—1 elements. 
We wish that after the removal, they are left with n — 2 elements, so that we 
could use the induction hypothesis. This gives us k forbidden values for x, one 
for each set. Next, we would like to ensure no set of two elements becomes 
a singleton after removal. Unfortunately this is not always possible, but we 
can ensure that at most one becomes a singleton. This is because we have 
n—k elements and at most n — 2 — k two-element sets, so we cannot have each 
element belong to at least two of these sets. 

So perform the removal we described above. Next, we ignore one of 
the obtained sets. Let it be the singleton or an arbitrary set if there 
is no singleton. Suppose we have removed U,-2\{x}. By the induc- 
tion hypothesis, there is an arrangement of {1,2,...,n}\{z} that splits 
Ui\ {z}, U2\{z},...,Un—3\{xz}. It is clear that however we insert x into this 
arrangement, the sets U;,U2,...,Un—3 will be split. So it remains to ensure 
Uņn-2 is split. But this is simple to achieve: if £ € Un_2 then we place x 
either at the beginning or at the end of the arrangement, and one of these two 
variants will satisfy our requirement; if  ¢ Un_2, then we place x between 
two elements of Un—2 and we are done. 
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Problem 7.9. Let n Æ 4 bea positive integer. Consider a set S C {1,2,...,n} 
with |S| > [z]. Prove that there exist x,y,z € S with z + y = 3z. 


Solution. We proceed by induction on n. For n < 15 we can verify our 
statement directly. 

For the induction step, assume that the result holds for all integers less 
than some n > 16. Let A be a set that has no triples x,y,z with z + y = 3z. 
We need to prove that |A| < [3]. 

First suppose A contains some element ¢ with ate <t< 2 Then 3t — 
n—1> 5, so by the induction hypothesis AN {1,2,...,3t — n — 1} contains 
at most siya | elements. Group the numbers larger than 3t — n — 1 into 
pairs (3t — n,n), (3t — n + 1,n — 1),... such that the sum of the numbers in 
each pair is 3t. Since t € A, A can contain at most one element out of each 
pair (and if t is even then A cannot contain 3t/2). Thus A contains at most 
[213| elements larger than 3t — nē- 1. Hence 


uei pac 3t-n In+1—3t n+1 
< | = SE a eh at Nf 
a<] 2 a 3 Sz ta 2 
Hence 3 
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a< [5 
as desired. 


Thus we may assume A does not contain any element in this range. Let 


pan) ahd c= An| 


2n+1 | 
nj. 
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Since n > 16, |24] > 7. Therefore by the induction hypothesis we have 


rs [31°48] 


Also we obviously have |C| < n — | 22 |. Thus we get 


asfi lE l+ e-l 
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This upper bound is only sufficient to solve the problem if n = 6k +3 in which 
case it becomes 


|A] < (e+ 1) + (2k +1) =3k+2= A ; 
Still with a little case checking we can knock off the other possibilities. If 
n Æ 6k + 4, then we find that the bound above gives 


as |S] +1. 


Thus we only need to show that we cannot have equality in all the bounds 
above. For the equality in the bound on |C|, we need C to contain every 
number larger than | 22]. But A cannot contain both x and 2z for any x 


(since x + 2x = 3x). Thus the largest $lement of B is at most 


4 


BF *|+)]-1-[3) 


Thus our upper bound on |B| becomies [4 a so the upper bound on |A| 


mmm uals LEI E-B) 


which one can check implies 


ams 


41 < [2] for n#~6k+4. 


That leaves only the case n = 6k + 4. In this case B = AN {1,2,...,2k + 3} 
and C= AN {4k + 3,...,6k +4}. In this case our upper bound on |A| reads 


|A] <(b+2)+(2h+2) =3h+4= [2] 42. 


If 2k +3 € B, then 4k + 6 cannot be in C and the inequality improves to 


al< [5] +1. 
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Thus we are done unless we have equality in all the remaining places. In 
particular, C must contain all the numbers 4k+7,...,6k+4. Hence B cannot 
contain any of the numbers 3(2k+3)—(4k+7),...,3(2k+3)—(6k+4). But these 
are all the numbers from 5 to 2k +2. That leaves B with k + 2 numbers that 
must come from just some subset of {1,2,3,4} and 2k + 3. Except for k = 2 
and n = 16 this is a clear contradiction (if 2 is in B, then 1 and 4 are not in 
B). For n = 16, this leaves just the possibility A = {1, 3, 4,7, 11,12, 13, 15, 16}, 
which fails since 1+ 11 = 3- 4. 

If 2k+3 ¢ B, then by the induction hypothesis B has at most k+1 elements and 
we again improve to |A| < [z] +1. Thus we are done unless we have equality in 
all the remaining places. Thus C must contain all the numbers 4k+3,...,6k+4 
and hence B cannot contain 2k + 2. If n Æ 16, then the induction hypothesis 
implies 2k +1 € B. But then B cannot contain any number of the form 
3(2k + 1) — c for c € C, which leavesB with just 2k + 1, a contradiction. If 
n = 16, then we get the extra possibility A = {1,3, 4, 11, 12, 13, 14, 15, 16}, 
which again fails since 1+11=3-4. = 


@ mat 


Problem 7.10. A word consists of nletters from the alphabet {a,b,c,d}. A 
word is called convoluted if it has two consecutive identical blocks of letters. 
For example, caab and cababdc are convoluted, but abcab is not. Prove that 
the number of non-convoluted words with n letters is greater than 2”. 


Solution. We prove the result by induction on n. For n < 3, we can easily 
check the cases manually. 

For the induction step, suppose n > 4 and that the result holds for all 
positive integers less than n. To solve the problem, let us first try to establish a 
recurrence for the number an of convoluted words. We also denote the number 
of non-convoluted (simple) words by bn. We clearly have an + bn = 4”. Since 
we want to use recursion, let us delete the last letter from a word of n letters. 
If the remaining word of n — 1 letters is convoluted, so is the original one. If 
not, then the two consecutive blocks of letters must occur at the end so the 
word if of the form AX X. Moreover, AX is a simple word thus, we can obtain 
such a word in the following way: choose a simple word T with length l at least 
5 and add the last n — l letters of the word at the end. Note, however that 
some convoluted words may be counted twice, as, for example abacabcabc, but 
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every word is listed. For this reason, we can deduce only the inequality that 
an < 4an—-1 + (biz) +... bn-1). 

We can rewrite this as 
bn > 4bn—1 — (biz) + - - - bn-1). 


Now it is an easy induction to show that bn > 2bn—-1. The base case is easy 
since bı = 4 and be = 12. For the inductive step, we note that by the induction 
hypothesis 


1 1 
bizt.. .bn—1 < bn- (1+ 545+--) Zas 


and hence 


9oks 


bn > 4bn-1 -Bon —1 = 2bn-1. 
From this, it is a trivial induction to show that bn > 2”. 


Problem 7.11. (IMO 2006 shortlist) We have n > 2 lamps L1,..., Ln in 
a row, each of them being either on or off. Every second we Aaiaoe 
modify the state of each lamp as follows: if the lamp L; and its neighbors 
(only one neighbor for i = 1 or i = n, two neighbors for other i) are in the 
same state, then L; is switched off; otherwise, L; is switched on. 

Initially, all the lamps are off except the leftmost one which is on. 


a) Prove that there are infinitely many integers n for which all the lamps 
will eventually be off. 


b) Prove that there are infinitely many integers n for which the lamps will 
never be all off. 


Solution. We order the lamps so that Lı is the leftmost lamp. 

For part a) of the question, we show that for n = 2%, all lamps will be 
switched on in n — 1 steps and off in n steps. We do this by induction on k, 
with the base case k = 1 being clear. 

Assume now that the result holds for some k > 1 and let n = 2*+1, Let 
A = {Ih,..., Lox} and B = {Lox41,...,Lox+1}. Notice that the first 2% — 1 
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steps do not affect the state of the lamps in B. Hence, after 2* — 1 steps, the 
lamps in A will all be on and those in B will all be off. After the 2*-th step, 
Dox and Lox+1 are both one and the other lamps are off. The key observation 
is that from this point on, the lamps L; and Lox+1_;, fori =1,...,2* — 1 will 
have the same state and there is no other interference between the lamps in A 
and those in B. As B starts with only the leftmost lamp on, by the induction 
hypothesis, it will have all its lamps off in 2* steps. The same will be true 
for A by our previous observation. So there are 2" + 2* = 2*+! steps in total, 
which completes the proof of this part of the question. 

For part b), we show that if n = 2* +1, the lamps will never be all off. 
After the first step, only Lı and Lə will be on. Based on what we proved for 
a), after 2* — 1 steps, all lamps except Ln will be on, so after the 2k_th step, 
all lamps will be off except for L,_; and Ln. This position is symmetric with 
respect to the one we had after the first step, so by periodicity, we will never 
have all the lamps off. 


th_bo 


Problem 7.12. (IMO 2005 shortlist) Let k be a fixed positive integer. A 
company has a special method to sell sombreros. Each customer can con- 
vince up to two persons to buy a sombrero after he/she buys one; convincing 
someone already convinced does not count. Each of these new customers can 
convince up to two others and so on. If a customer convinces two people to but 
sombreros and each of these two people in turn makes at least k persons buy 
sombreros (directly or indirectly), then that customer wins a free instructional 
video. Prove that if n persons bought sombreros, then at most gy of them 
got videos. 


Solution. Suppose m persons receive videos. We wish to prove n > m(k+2). 
Since this is clear for m = 0, let us assume without loss of generality that m 
is positive. Under this assumption, we will now prove the stronger bound 


n>(m+1)\(k+1) +m, 


by induction on m. 

We say a person A is a direct successor of B if B directly convinced A to 
buy a sombrero. We say A is an indirect successor of B if B caused A to buy 
a sombrero, directly or indirectly. We will call a person who receives a video a 
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blossom. We will call direct successor of a blossom who is not a blossom him- 
or her-self a bud. 

For the base case of our induction, when there is only one blossom, that 
blossom must have at least two buds, each of which must have at least k 
indirect successors. Hence n > 2k +3 =(m+1)(kK+1) +m. 

Now, suppose there are m blossoms. Since there are only finitely many 
blossoms, there exists at least one blossom which has no blossoms as indirect 
successors. We remove this blossom, one of its buds, and all indirect successors 
of that bud; we then make the disconnected bud a direct successor of whatever 
person was a direct successor of the blossom we removed, if there was such a 
person. All other blossoms stay blossoms; all other buds stay buds. We have 
thus removed at least 2+ k people, and we have removed one blossom. If there 
are n’ people remaining, then the inductive hypothesis now tells us 


n—(2+k)>n'>fm)(k+1)+(m-1), 


or 


1:@ fais pok 


n>n'+k+2> 
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m+1)(k+1) +m. 
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Therefore for all m, we have 


n>(m+1)(k+1)+m=m(k+2)+k+1>m(k+42), 


as desired. 
We note that the bound n > (m+1)(k+1)+™m is sharp, for it is possible 
to have blossoms Aj,..., Am, with Aj41 a direct successor of A;, and all buds 


having exactly k indirect successors. 


Problem 7.13. Let r be a positive integer. Consider an infinite collection of 
sets, each having r elements such that each two of these sets are not disjoint. 
Prove that there is a set with r — 1 elements that is not disjoint from any 
member of the collection. 


Solution. Assume this is not the case, so for any r — 1 elements, there is 
a set from the collection containing none of its elements. Let us prove by 
induction on 7 < r—1 that we can find a finite number of sets A1, Ao,..., Am 


340 Chapter 10. Solutions 


from our collection such that no set of j elements can meet all A1, Ao,..., Am 
simultaneously. The base case 7 = 0 is clear. 

Now assume we have proven the statement for 7 = k, so we have found 
A1, Ao,...,Am such that no set of k elements meets all of them. If there is 
no set of k + 1 meeting all of them, the induction step is proven. If there is 
such a set B with |B| = k + 1, then B C Ay U Ag... U Am, as otherwise B 
would contain an element not contained in any of A1, A2,..., Am, so we could 
remove it and the remaining set of k elements would contradict the induction 
hypothesis. As A; U Ag... U Am has a finite number of subsets, there are 
a finite number of such sets: By, B2,..., Bı. But as |B;| < r — 1, there is 
a set Ci from the collection which does not intersect B;. Now consider the 
sets Ay, Ag,...,Am,C1,Co,...,Cy. If a set of k + 1 elements would meet all 
these sets, then it would be one of B1, B2,..., Bı, but then it would not meet 
the corresponding set from C1, C2,...#Cj, which is impossible. Therefore, the 
induction step is verified by the collection Aj, Aog,..-,; Am, C1, Co,...,Ch. 

Thus we can find a finite numbers of sets Aj, Ao,..., Am from our collection 
such that no set of r — 1 elements méets them all. But then any set of the 
collection would be contained in A, UÉ .. UAm, as otherwise it would contain 
an element not belonging to any of 41, Ao,...,4m and removing it would 
produce a set of r—1 elements meeting Aj, Ao,..., Am. But AyU Ag... UU Am 
is finite, so it has a finite number of subsets, which contradicts the fact that 
the collection in the problem is infinite. 


Problem 7.14. We have n finite sets A1, A2, . . . , An such that the intersection 
of any collection of them has an even number of elements, except for the 
intersection of all subsets, which has an odd number of elements. Find the 
least possible number of elements that A, U Ag U... U An can have. 


Solution. Set A; = (Aj U A2 U...U An) \ A;. For a nonempty subset J of 


{1,2,..., n} let 
Xy = N 4; N A. 
jeJ kd 
In words, X; is all elements which are in the sets A; for j € J and in no other 
Apg. From this it is clear that the sets Xj are pairwise disjoint. Also, any 
element of pi A; must be in Xy for some superset J of I. In formulas, this 
ie 
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says 

U Xr =) A: 

JDI icl 

Now let us prove by a downward induction on |I| that |Xz| is odd for 
all nonempty sets J. The base case |I| = n is just the statement that the 
intersection of all the A; has an odd number of elements. For the induction 
step, assume we know |X| is odd for all sets J larger than I. The previous 
formula shows that a Ai, which contains an even number of elements by 
tE 


hypothesis, is a disjoint union of 2”—!/l of the sets Xj all of which have an 
odd number of elements by the induction hypothesis except Xr. Since 2”—!/ 
is even, it follows that Xņ also has an odd number of elements. 

Thus each Xz has an odd number of elements and hence at least one 
element. Since every point in some Agis in Xy for some J, we see that 


> 
legram: @nfhth_bo 
q 
KC 
la 


has at least 2” — 1 elements. 2 

The equality case can be achieved and the construction is inspired by the 
solution: if we let A; be set of all numbers between 1 and 2” — 1 whose i-th 
binary digit is 1, then we can see that each of the sets Xy is a singleton. It is 
easy to check that this example satisfies all the required conditions. 


Problem 7.15. (USSR 1991) A k x l minor of an n x n table consists of 
all cells which lie on the intersection of any k rows with any l columns. The 
number k+l is called the semiperimeter of this minor. It is known that several 
minors, each of semiperimeter not less than n, jointly cover the main diagonal 
of the table. Prove that these minors jointly cover at least half of all cells. 


Solution. We prove the result by induction on n. We denote the statement 
of the problem for an n x n table by P(n). We will prove that P(n) is true by 
proving P(1) and P(2) and the fact that P(n — 2) implies P(n). 

There is nothing to prove for P(1) and P(2), because for a 1 x 1 table the 
only cell is a diagonal one, and for a 2 x 2 table, the number of diagonal cells 
is exactly half of the number of all cells. 
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A cell in the table is characterized by a pair of integers (i,j), where i is 
the number of the row and j is the number of the column to which this cell 
belongs. 

Observe that in one case we do not actually need the induction. Consider 
all pairs of cells which are symmetric about the main diagonal; they have 
coordinates (i,j) and (j,i) for some i Æ j. If in each such pair at least one of 
the two cells is covered, then the minors jointly cover at least n+ (n?—n)/2 = 
(n? +n)/2 > n?/2 cells and P(n) is true. 

Let us now assume that P(n—2) is true for some n > 3 and consider an nxn 
table. We only have to consider the case in which for some i, j neither cell (i, 7) 
nor cell (j,i) is covered by the minors. Delete the i-th and j-th rows and the 
i-th and j-th columns and reduce the minors correspondingly if they contained 
some of these rows or columns. We obtain an (n—2) x (n—2) table and several 
reduced minors which again jointly cover the main diagonal. No reduced minor 
could contain both the i-th row and “j-th column simultaneously (otherwise 
this minor would cover the cell (i, j}. Similarly, no reduced minor could 
contain simultaneously both the j-th row and the i-th column. Therefore, the 
semiperimeter of a reduced minor is not less than n — 2. Now we can apply 
the induction hypothesis to show tha the reduced minors cover at least half 
of all cells of the reduced table. 

To complete the induction, it suffices to prove that among the deleted 
4n — 4 cells, at least 2n — 2 were covered by the minors. Consider the minor 
that covers the cell (2,7). Since its semiperimeter is at least n, it covers at least 
n — 1 of the deleted cells in the i-th row and i-th column. The minor that 
covers (j, j) (note that this could be the same minor) also covers n — 1 deleted 
cells in the j-th row and in the j-th column. But since (i, j) and (j,i) are not 
covered, the two minors jointly cover at least 2(n — 1) cells. This completes 
the proof. 


Problem 7.16. (IMO 2013 shortlist) Let n > 2 be an integer. Consider 
all circular arrangements of the numbers 0,1,...,n; the n + 1 rotations of 
an arrangement are considered to be equal. A circular arrangement is called 
beautiful if, for any four distinct numbers 0 < a,b,c,d<nwithat+c=b+d, 
the chord joining the numbers a and c does not intersect the chord joining 
numbers b and d. 
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Let M be the number of beautiful arrangements of 0,1,...,n. Let N 
be the number of pairs (x,y) of positive integers such that x+y < n and 
gcd(z,y) = 1. Prove that M = N +1. 


Solution. Given a circular arrangement of [0, n] = {0,1,...,n}, we define a 
k-chord to be a (possibly degenerate) chord whose (possibly equal) endpoints 
add up to k. We stay that three chords of a circle are aligned if one of them 
separates the other two. Say that m > 3 chords are aligned if any three of 
them are aligned. For instance, in the figure below, A, B, and C are aligned, 
while B, C, and D are not. 


j 


gram: @ math (9° 
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Claim. In a beautiful arrangement, the k-chords are aligned for any integer 
k. 


Proof. We proceed by induction. For n < 3 the statement is trivial. Now 
let n > 4, and proceed by contradiction. Consider a beautiful arrangement 
S where the three k-chords A, B, C are not aligned. If n is not among the 
endpoints of A, B, and C, then by deleting n from S we obtain a beautiful 
arrangement S\ {n} of [0,n—1], where A, B, and C are aligned by the induction 
hypothesis. Similarly, if 0 is not among these endpoints, then deleting 0 and 
decreasing all the numbers by 1 gives a beautiful arrangement S \ {0}, where 
A, B, and C are aligned. Therefore both 0 and n are among the endpoints of 
these segments. If x and y are their respective partners, we haven >0+2 = 
k=n+y2>n. Thus 0 and n are the endpoints of one of the chords, say it is 
C. 
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Let D be the chord formed by the numbers u and v which are adjacent to 
0 and n and on the same side of C as A and B, as show in the figure below: 


=d 
Q 
Q 
6 


Set t = u +v. If we had t = n, the n-chords A, B and D would not be 
aligned in the beautiful arrangement S$ \ {0,n}, contradicting the induction 
hypothesis. If t < n, then the t-chord:from 0 to t cannot intersect D, so the 
chord C separates t and D. The chérd E from t to n — t is on the same 
side of C. But then the chords A, B and E are not aligned in S \ {0,n}, a 
contradiction. Finally, the case t > n is equivalent to the case t < n via the 
beauty-preserving relabelling x > n — x for 0 < x < n, which sends t-chords 
to (2n —t)-chords. This proves the claim. 

Having established the claim, we prove the desired result by induction. 
The case n = 2 is trivial. Now assume that n > 3. Let S be a beautiful 
arrangement of [0,n] and delete n to obtain the beautiful arrangement T of 
[0,n — 1]. The n-chords of T are aligned, and they contain every point except 
0. Say T is of Type 1 if 0 lies between two of these n-chords, and it is of Type 
2 otherwise, i.e., if 0 is aligned with these n-chords. We will show that each 
Type 1 arrangement of [0,n — 1] arises from a unique arrangement of [0, n] 
and each Type 2 arrangement of [0,n — 1] arises from exactly two beautiful 
arrangements of [0, n]. 

If T is of Type 1, let 0 lie between chords A and B. Since the chord from 
0 to n must be aligned with A and B, n must be on the other arc between A 
and B. Therefore, S can be recovered uniquely from T. In the other direction, 
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if T is of Type 1 and we insert n as above, then we claim that the resulting 
arrangement S is beautiful. For 0 < k < n, the k-chords of S are also parallel 
by construction. There is an antisymmetry axis l such that x is symmetric to 
n — x with respect to l for all x. If we had two k-chords which intersected for 
some k > n, then their reflections across | would be two (2n — k)-chords which 
intersect, where 0 < 2n — k < n, a contradiction. 

If T is of Type 2, there are two possible positions for n in S, on either side 
of 0. As above, we check that both positions lead to beautiful arrangements 
of [0, n]. 

Hence, if we let Mn be the number of beautiful arrangements of [0, n], and 
let Ln be the number of beautiful arrangements of [0, n — 1] of Type 2, we have 


Mn = (Mn- 1- L n— 1) + n 1=M,- 1+ Lr- 1- 


It then remains to show that Ln- Lis the number of pairs (x,y) of positive 
integers with z + y = n and gcd(z, y= 1. Since n > 3, this number equals 
p(n) = #{x : 1 < £ <n,gcd(z,n) = 1}. 

To prove this, consider a Type 2 beautiful arrangement of [0,n — 1]. Label 
the positions 0,...,n—1 (mod n) clockwise around the circle, so that number 
0 is in position 0. Let f(i) be the number in position i; note that f is a 
permutation of [0,n — 1]. Let a be the position such that f(a) =n — 1. 

Since the n-chords are aligned with 0, and every point is in an n-chord, 
these chords are all parallel and 


fi) +f(-i)=n forall i. 


Similarly, since the (n — 1)-chords are aligned and every point is an (n — 1)- 
chord, these chords are also parallel and 


fi) +f(a-i)=n—-1 forall i. 
Therefore f(a — i) = f(—i) — 1 for all i. Since f(0) = 0, we get 
f(-ak) =k forall k. (1) 


Recall that this is an equality modulo n. Since f is a permutation, we must 
have (a,n) = 1. Hence Ln- < ¢(n). 
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To prove the equality, it remains to observe that the labelling (1) is beauti- 
ful. To see this, consider four numbers w, z, y, z on the circle with w+y = r+z. 
Their positions around the circle satisfy (-aw)+(—ay) = (—ax)+(—az), which 
means that the chord from w to y and the chord from z to z are parallel. Thus 
(1) is beautiful, and by construction it has Type 2. The desired result follows. 


Problem 7.17. Prove that among any 2k + 1 integers, each having absolute 
value at most 2k — 1, one can always choose three that add up to 0. 


Solution. We prove the result by induction on k. The base case k = 1 holds, 
since the numbers must be —1,0, and 1 in this case and hence they add to 0. 

Assume now that the result holds for some k > 1. Then consider a set of 
2k +2 integers in [—(2k+1),2k+1]. We have to show that 3 of these integers 
sum to 0. Assume the contrary. If 0 is chosen, then we can pair off each number 
with its negative, and by the Pigeonhole Principle, we must pick 2 numbers 
from one of the pairs, which along with.0 yield a set which sums to 0. If 0 is not 
chosen, then at least 3 integers from thé set {—(2k+1), —2k, 2k, 2k+1} must be 
chosen, as otherwise at least 2k+1 integers were chosen from [—(2k—1), 2k—1] 
which by the induction hypothesis yields a set of 3 which sums to 0. 

Therefore, we may assume without loss of generality that 2k and 2k + 1 
were both chosen, else we could replace each number by its corresponding 
negative without changing the fact that the sum we are interested in is 0. We 
now distinguish 2 cases: 


Case 1. If —(2k +1) was chosen. Then 1 cannot be chosen because of the 
triple {—(2k+1),1,2k}. Pair off the negative integers not including —(2k+1) 
so that in each pair the sum is —(2k + 1), and pair off the positive integers 
not including 2k + 1 and 2k so that in each pair the sum is 2k + 1. Then by 
Pigeonhole Principle, at least 2 numbers from some pair were chosen. This 
pair along with either 2k + 1 or —(2k+ 1) yields a set which sums to 0. 


Case 2. If —(2k + 1) was not chosen. Then —2k must have been chosen, and 
therefore —1 cannot be chosen because of the triple {—2k, —1,2k +1}. Pair off 
the negative numbers not including —2k and —(2k+1) so that in each pair the 
sum is —2k — 1, and pair off the positive integers not including 2k and 2k + 1 
into pairs which sum to 2k (with k being a singleton). By the Pigeonhole 
Principle, 2 distinct numbers from some pair must have been chosen. Thus 


7. Combinatorics 347 


we get a pair of distinct integers which sum to either 2k or —(2k+ 1). This 
pair along with —2k or 2k + 1 yields a set which sums to 0. This completes 
our proof. 


Problem 7.18. Prove that a cube C can be divided into n cubes for all 
n > 5d. 


Solution. This is a three-dimensional version of the problem with dividing a 
square into n squares, and it is done in the same way. Only this time we have 
more cases to consider, and the examples are harder to construct. 

Again, a cube can be divided into k? cubes for any k € N. In particular, 
if C is divided into n cubes we can divide one of them in 8 producing a 
division into n + 7 cubes. Thus we need to check the base cases for n = 
55, 56, 57, 58, 59, 60, 61. 

n = 55: Divide C into 27 cubes, and four of these 27 into 8 cubes each, so 
we have a total of 27 + 4-7 = 55. 

n = 56: Divide C into 8 cubes, and then divide the top four of these eight 
into 27 smaller cubes. The top face of C is now partitioned into a 6 x 6 grid. 
Looking at the grid as nine 2-2 squares, join eight of these nine squares with 
the squares below them into 8 cubes. We obtain a total of 8+ 4-26—8-7 = 56 
cubes. 

n = 57: Divide C into 64 cubes, then join 8 of them to form a new one. 

n = 58: Divide C into 27 cubes and join 8 of them into a new one. Then 
do the same thing with two cubes of the partition. 

n = 59: Divide C into 64 cubes and join 27 of them into a new one. Then 
divide 3 of the remaining cubes into 8 each. 

n = 60: Divide C into 8 cubes, then divide two of these into 27 each. 

n = 61: Divide C into 27 cubes and join 8 of them into a new one. Then 
consider 4 of the remaining cubes that share a part of a face of C, let us call 
this part P, and divide them into 27 cubes each. Consider the 9 cubes having 
as one face the ninth part of P, obtained by joining 8 little cubes into a single 
one. 


boc 


Problem 7.19. For a permutation @,@2,...,@n of the numbers 1,2,...,n 
one is allowed to change the places of any consecutive blocks, that is from 


G1, +++ > Qi, Qi41,-+ +5 Qi+p, Qitptls- ++ Gitq, Qi+g+1:; +- -s An 
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one can obtain 


Q1,- - Qi, Aitp+1) +++) Qitg, Gi41)-++, Qitp, Gi+g+1,+-+,4n- 


Find the least number of such changes after which one can obtain n, n—1,..., 
2, 1 from 1,2,...,n. 


Solution. One part here does not use induction, namely the estimation. We 
prove that we need at least [$]+1 moves. We call a pair of consecutive numbers 
in a permutation normal if the left number is smaller than the right number. 
Initially there are n—1 normal pairs and at the end zero. It is clear that the first 
and the last moves can decrease the number of normal pairs by at most 1. Now 
we will prove all the other moves can decrease the number of normal pairs by 
at most two. Indeed, if we pick consecutive pairs (a,b), (c, d), (e, f) and swap 
the blocks b...c and d...e, then three pairs will be modified: (a,b), (c,d) 
and (e, f) will become (a, d), (e, b), (c,f). It is not possible that all the initial 
pairs were normal while all the final pairs were not, because this would imply 
a < b,c < d,e < f so ace < bdf from one side, and a > d,e > b,c > f so 
ace > bdf from the other side. Therefore, if we did k moves, the number of 
normal pair has decreased by at most EH2(k—2)+1 = 2k—2. So 2k—2 > n—1 
and from here we get that k > [$] +1. 

Now we prove the part which uses induction: that we can reverse the order 
in [3] +1 moves i.e. we can reverse 1,2,...,2k— 1 in k moves and 1,2,...,2k 
in k +1 moves. It suffices to prove the former, because the latter follows 
directly from it: if we reverse the first 2k — 1 numbers in k moves, by one more 
move we bring 2k in the front. 

We do this by induction on k. When k = 2, it is simple. The case k = 3 can 
be exemplified by (1,2,3,4,5) > (1,4,5, 2,3) > (5,2,1,4,3) > (5,4,3,2, 1). 
Next, we prove by induction the following statement: 

“For k > 3 there exists a sequence of k moves reversing a sequence of 2k—1 
numbers such that the first move swaps the blocks in positions 2,3,...,k and 
k+1,k+2,...,2k—1.” 

The base case was done above. Now let us prove the step k — 1 > k. 
Consider the first move, which transforms 


1,2,...,2k+1 to 1,k+2,k+3,...,2k+1,2,...,k,k+1. 
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Now we can “glue”1 and k + 2, i.e. considering them a a single entity in 
our next operations, and we can disregard the k + 1 at the end. We get a 
sequence of 2k — 1 objects in which the first move was already done. So by the 
induction hypothesis, we can make k — 1 more steps to completely reverse it, 
ie. get 2k +1,2k,...,2,[1,4 +2]. Then the operations will bring our initial 
sequence to 2k+1,2k,...,k+3,k,k—1,...,2,1,k+2,k+1. One more move 
takes [k + 2,k + 1] to its place between k + 3 and k. We are done. 


Problem 7.20. Let m circles intersect at points A and B. We write numbers 
using the following algorithm: We write 1 at points A and B, at every midpoint 
of an open arc AB we write 2, then at the midpoint of the arc between every 
two points with numbers written we write the sum of the two numbers and 
so on repeating n times. Let r(n,m) be the number of appearances of the 
number n after writing all of them ongour m circles. 
a) Determine r(n, m); 
b) For n = 2006, find the least m for which r(n, m) is a perfect square. 


i=) 


1_boc 


:@r 


Example. For a single arc AB the =numbers written on successive rounds 
are: 1 — 1; 1-2-1; 1-3-2-3% 1;1—-4-3-5-2-5-3-4-l1; 
1—-5-4-7-3-8-5-7-—2-7-5-8-3-7-4-5-l1. 

Solution. Observe that it suffices to look at only one circle, and even at one 
of the arcs between A and B, and multiply the result by 2m to get r(n, m). 
Even more, we can divide this arc into two halves and look at one of the 
halves, because the construction will be symmetric on these halves. Now let 
us investigate this case. Producing a + b from a and b reminds us of an 
inverse of the Euclidean Algorithm. As the Euclidean Algorithm finds out 
the greatest common divisor, we might have an idea to look at the greatest 
common divisor of two consecutive numbers. As (a+b,a) = (a + b,b) = (a,b) 
and initially (1,1) = 1 we conclude that two consecutive numbers on the circle 
are coprime, by induction on the number of steps. Even more, if at one step 
the numbers k,l with k < l are neighbors on the circle, then it is clear that | 
was obtained by summing k with l — k at the previous step. This allows us to 
work backwards from a given configuration. Thus, if at some point the pair 
(n,m) occurs on the circle, at the next point the pair (n,n +m) occurs on the 
circle, and at the next point the next pair (n, n+ 2m) and so on, after k steps 
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the pair (n,n-+km) appearing on the circle. Vice-versa, if the pair (n, n+ km) 
appears on the circle, then the pair (n,n + m) appears k steps earlier. 

Let Hı be the arc after one step (1 — 2), Hə after two steps (1 — 3 — 2), 
and so on. 

Now a careful observation allows us to conjecture the general result of the 
problem: after n steps, on the regarded half of the circle, all pairs (u,v) of 
numbers at most n such that (u, v) = 1 appear in exactly one of Hy, Ho,..., Hn 
and appear there exactly once. 

The proof is by induction on n. The base case is clear. Firstly we establish 
the appearance part: if (u,v) = 1 and u < v < n, then max{u,v — u} < 
n, thus by the induction hypothesis, (u,v — u) appears on exactly one of 
Hı, Ho,...,Hn-1. Hence (u,v) appears one exactly one of Ho, H3,..., Hn, 
and this settles the claim (notice that (u,v) cannot appear on H because Hy 
consists of one pair 1 — 2 which cannot appear at higher level because all the 
newly added numbers will be greater than 2). 

Hence according to the induction: for any 0 < j < n with (j,n) = 1 
the pair (n, j) will appear once on one HA, (1 < k < n). Correspondingly, 
(n, j + (n — k)n) will appear on Hn. So it contains a pair (n,m) where m = j 
(mod n). This pair should be unique, because each pair (n, m) has arisen from 
its prototype (n, j), as we have prove earlier, and (n, j) appears just once on 
Hı, Ho,...,Hn. So there is exactly one pair (n,m) with m = j (mod n) for 
every residue 7 modulo n coprime with n, and no other pairs involving n. 
Hence the total number of them is ¢(n) If n appears k then it will be involved 
in 2k pairs so k = on) Therefore r(n,m) = Amo) = 2m¢(n). 

As $(2006) = (2-17-59) = 2° - 29, for 2m¢(2006) be a perfect square we 
need m to be 29 times a perfect square so m = 29 is the least. 


Problem 7.21. (Hungary 2000) Given a positive integer k and more than 
2* integers, prove that a set S of k +2 of these numbers can be selected such 
that for any positive integer m < k + 2, all the m-element subsets of S have 
different sums of elements. 


Solution. Let us introduce some terminology first: Given a positive integer 
m, we call a set weakly m-efficient if its m-element subsets have different sums 
of elements, and we call a set strongly m-efficient if it is weakly i-efficient for 
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1<i<m. Also, given any set T of integers, let o(T) be the sum of the 
elements of T. 

With this setup, we prove the result of our question by induction on k. 
For k = 1, it is easy to check that we may let S consist of any three of the 
given integers. 

Now assuming that the claim is true for k = n, we prove that it is true 
for k = n+ 1. Given more than 2”+! different integers a1, a2,..., at let 2% 
be the largest power of 2 such that a; = a; (mod 2%) for each i = 1,2,...,t. 
Write b; = “a> for 1 < i < t, yielding t distinct integers b,,b2,...,0:. By 
the Pigeonhole Principle, applied to the b;’s there exist more than 2” different 
integers of the same parity. By the induction hypothesis, from these integers 
we may choose an n+2-element, strongly (n+2)-efficient set S1. Furthermore, 
there exists a bi, of the opposite parity because the b; are not all of the same 
parity: bı = 0 is even, and by the maximality of a, at least one of the b; is 
odd. £ 

We claim that the (n + 3)-element:set S2 = S1 U {bio} is strongly (n + 3)- 
efficient. Suppose, for the sake of contradiction that X and Y are two distinct 
m-element subsets of S with the same gums of elements, where 1 < m < n+3. 
Because X # Y, m > 1. Notice that X and Y cannot both be subsets of 
Sı because Sı is weakly m-efficient. Nor can they both contain bi, because 
then X \ {bio} and Y \ {bip} would be two distinct (m — 1)-element subsets of 
Sı with the same sums of elements, which is impossible because 5S; is weakly 
(m — 1)-efficient. Therefore, one of X and Y contains bi and the other does 
not. This in turn implies that o(X) and o(Y) are of opposite parity, which is 
a contradiction. 

Let ® be the map which sends any set A of reals to {55% : a € A}. There 
exists an (n + 3)-element subset S C {a1,a2,..., at} such that 6(S) = So. 
Suppose that there existed X,Y C S such that X # Y, |X| = |Y| = m, and 
o(X) =o(Y). Then we would also have 


O(X), ®(Y) C (S) = S2, O(X) F OY), |O(X)| =m =|O(Y)], 


and 
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However, this is impossible because S2 is weakly m-efficient. Therefore, S 
is strongly (n + 3)-efficient as well. This completes the induction step and our 
proof. 


Problem 7.22. (Russia 2000) There is a finite set of congruent square cards, 
placed on a rectangular table with their sides parallel to the sides of the table. 
Each card is colored in one of k colors. For any k cards of different colors, it 
is possible to pierce two of them with a single pin. Prove that all the cards of 
some color can be pierced by 2k — 2 pins. 


Solution. We prove the claim by induction on k. If k = 1, we are told that 
given any set containing 1 card (of the single color), two cards in the set can 
be pierced with one pin. This does not make sense unless there are no cards 
to start with, in which case all the cards can be pierced by 0 = 2k — 2 pins. 

Now assume that the claim holds4when k = n — 1, (for some n > 2) and 
consider a set of cards colored in n colors. We rotate the table such that the 
sides of the cards are horizontal and vertical. Let X be a card whose top edge 
has minimum distance to the top edge of the table. Because all of the cards 
are congruent and identically oriented, any card that overlaps with X must 
overlap either X’s lower left corner or X’s lower right corner. Pierce pins P, 
and P> through these two corners. 

Now let S be the set of cards which are not pierced by either of these 
two pins and which are colored differently than X. None of the cards in S 
intersects X and they are each colored in one of n — 1 colors. Given a set 
T C S of n—1 cards of different colors, it is possible to pierce two of the 
cards in T U {X} with a single pin. Because no card in T overlaps with X, 
this single pin actually pierces two cards in T. So we may apply the induction 
hypothesis to S and pierce all the cards of some color c in S with 2n — 4 pins. 
Combined with the pins P) and Pz, we find that all the cards of color c can 
be pierced with 2n — 2 pins. This completes our proof. 


Problem 7.23. (Russia 2000) Each of the numbers 1,2,...,N is colored 
black or white. We are allowed to simultaneously change the colors of any 
three numbers in arithmetic progression. For which numbers N can we always 
make all the numbers white? 
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Solution. We clearly cannot always make all the numbers white if N = 1. 
Suppose that 2 < N < 7, and suppose that only the number 2 is colored 
black. Call a number from {1,..., N} heavy if it is not congruent to 1 modulo 
3. Let X be the number of heavy numbers which are black, where X changes 
as we change the colors. Suppose we change the colors of the numbers in 
{a—d,a,a+d}, where l<a-—d<a<a+d<N. If d is not divisible by 3, 
then a—d, a, a+d are all distinct modulo 3, so exactly two of them are heavy. 
If instead d is divisible by 3, then a — d, a, a+d must equal 1,4,7, none of 
which are heavy. In either case, changing the colors of these three numbers 
changes the color of an even number of heavy numbers. Hence X is always an 
odd number, and we cannot make all the numbers white. 

Next we show that for N > 8, we can always make all the numbers white. 
To do this, it suffices to show that we can invert the color of any single number 
n. We prove this by strong induction. If n € {1,2}, then we can invert 
the color of n by changing the colors of the numbers in {n,n + 3,n + 6}, 
{n+3,n+4,n+5} and {n+4,n+5, +6}. Now assuming that we can invert 
the color of n — 2 and n — 1 (where 3:X n < N), we can invert the color of n 
by first inverting the colors of n — 2 and n — 1 then changing the colors of the 
numbers in {n — 2,n—1,n}. z 

Hence, we can always make all the numbers white if and only if N > 8. 


Problem 7.24. For n > 1, let On be the number of 2n-tuples 
(£1,.--,Zn;Y1;--- Yn) with all entries being either 0 or 1 and for which the 
sum T141 +... +2nYn is odd, and En the number of 2n-tuples of same type 
for which the sum is even. Prove that 

On 2S 1 


En 2+1 


Solution. We prove the statement by induction on n. The base case is n = 1, 
for which we have O, = 1, En = 3. 
For the induction step, it suffices to find suitable recurrences for On and 
n 
En. Any sequence from On+ı has either X ris even or odd. If it is even, 


i=1 
then we are forced at the end to have £n+1 = Yn+1 = 1. Otherwise we have 
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at the end that £n+1Yn+1 = 0 and this can be done in three ways. Thus 
On+1 = En + 30n. 
A similar reasoning shows that En+1 = 3En + On. Thus we have that 
On+1 a En + 30n 
En+1 3En + On 


Now using the induction hypothesis, we are done. 


Problem 7.25. (TOT 2001) In a row there are 23 boxes such that for 
1 < k < 23, there is a box containing exactly k balls. In one move, we can 
double the number of balls in any box by taking balls from another box which 
has more. Is it always possible to end up with k balls in the k-th box for 
1 < k < 23? 


Solution. We prove more generally, that we can always achieve the task for 
any number n > 1 of boxes. We do this by induction on n. The result is clear 
when n = 1. 

Assume now that the result hoide lor some n > 1. Then we can arrange 
the boxes in a line in increasing order (from left to right) of the number of balls 
in them, without regard to the box nümbers. We now perform the following 
operation: we start with the rightmost box and we move balls from each box 
to the next one to its left, so that the box to its left will have twice as many 
balls as it initially did (this is possible by the ordering we chose among boxes). 
This is illustrated in the figure below 


1 2 3 ... n-1 n n+1 
2n 1 
2n—2 n+1 
n 
6 
4 4 
2 3 


D232 A SS n n+1 1 
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Notice that in this manner, we end up with a cyclic permutation of the 
number of balls from the initial arrangement that we made. This means that 
if we keep performing this operation (but now starting with the box with the 
highest number of balls and moving to its left), we must eventually end up 
having (n + 1) balls in the box with number (n+1). Then from the induction 
hypothesis, we can sort the balls from the other n boxes remaining, and we 
are done. 


Problem 7.26. Consider a 2” x 2” square. Prove that after removing a 1 x 1 
square from one of its corners, the remaining region can be tiled by “corners” (a 
corner is a 2 x 2 square with one of the four corner unit squares removed). 


Solution. The base n = 1 is clear, as the obtained region is itself a corner. 

Now assume that we can tile a 2" x 2" region with one corner square 
removed. Consider a 2*+! x 2%+1 region. Without loss of generality, we can 
assume that the removed square is at=the lower-right corner. If we draw the 
two lines parallel to the sides of the dig square through its center, we will 
divide the 2*+! x 2*+1 region into four 2k x 2* regions, call them S1, S2, 53, 
S4. The removed square is from $4. Now we look at the central 2 x 2 square. 
It contains a unit square from each of Bh, S2, S3, S4. So we can place a corner 
to cover the unit squares belonging to S1, S2 and 53, respectively. This will 
leave S1, S2, 83 without a unit square in the corner, too. Thus we can apply 
the induction hypothesis for S1, S2, S3, S4 to produce the desired tiling. 


Problem 7.27. Consider 10 x 10 grid square, such that in some of its squares 
there are written ten ones, ten twos, ..., ten nines and one ten (such that in 
each square there is at most one number written). Prove that one can choose 
ten squares from different rows, such that in the chosen squares we have the 
numbers 1,2,...,10. 


Solution. This problem could also be solved as an application of Hall’s The- 
orem: the graph has vertices which are the rows and numbers, with a row 
joined to a number if the number occurs in that row; since any set of k rows 
has at least 10k—9 numbers written in it, they must include at least k different 
values; thus, by Hall’s Theorem, a matching exists and this is exactly what 
is requested. We give, however, a self-contained proof below, by proving the 
following more general result: 
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Consider a rectangular grid, such that each row has n squares. Prove that 
if in some of its squares there are written n ones, in some of its squares there 
are written n twos, ..., in some its squares there are written n m — 1’s and 
in one square there is written m, m > 2, (in each square there is at most one 
number written), then one can choose m rows and from each row a number, 
such that in the m chosen squares we have the numbers 1,2,...,m. 

We prove this statement by induction on m > 2. The base case is m = 2. 

Note that in the row which contains the number 2 there are written at 
most n — 1 ones. So there must be a different row containing a one. Hence, 
we can choose a square from this row which has the number 1. 

Let us show that if the statement holds true for m = 2,...,k, k € N, then 
it also holds for m = k + 1, k > 2. 

From the whole grid consider ọnly the squares where the numbers 
2,3,...,k,k + 1 are written. From the induction hypothesis on m = k, there 
exist k rows where we have the numbers 2,3,..,.4 +1. Let us denote the cor- 
responding rows by (2),(3),...,(k +1). The total number of numbers written 
in the rows (2), (3),...,(K +1) is net more than nk and there are nk + 1 
numbers written in the whole grid. So“apart from the rows (2),(3),...,(k+1), 
there must be at least one extra row which has a number written in one of its 
squares. 

Let us denote by Mı the set of numbers that are written in the rows 
different from (2), (3),...,(4 +1). Obviously, if 1 € Mj, then the statement 
is proved. If a € Mı and in the row (a) we have the number 1, then the 
statement is proven. Consider all the rows (a), where a € Mı. Denote by M2 
the set of numbers in all the rows (a) for a E Mı which not belong to Mı. We 
have that 1 ¢ M2. Now, let us consider all (a) rows, where a € Mz. Denote by 
Ms the set of all numbers written in the considered rows that do not belong 
to the set Mı U Mo. 

Iterating this construction, either the statement is proven or we obtain the 
following sets M1, Mo,..., Mı, where Mj; = @ and 1 ¢ M;,i=1,2,...,1. 

Note that in the rows (a) where a € Mı U M2 U... U M; are written only 
the elements of the set Mı U M2 U... U MI. 

Now, if we consider all rows (a), where a ¢ Mı U M2 U ... U Mj, then by 
the induction hypothesis one can choose different rows, in which are written 
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all the numbers a, a € Mı U M2 U... U M. 
The choice for all the numbers a with a € Mı U M2 U... U M; is obvious. 
This ends the proof of the statement. 


Problem 7.28. (IMO 2009) Let a1,a2,...an be different positive integers 
and M a set of n — 1 positive integers not containing the number s = a, + 
a2 +... +an. A grasshopper is going to jump along the real axis. It starts at 
the point 0 and makes n jumps to the right of lengths aj, a2,...,@n in some 
order. Prove that the grasshopper can organize its jumps in such a way that 
it never falls in any point of M. 


Solution. We will prove the statement by strong induction on n. For n = 1, 
there is nothing to prove. For the inductive step, without loss of generality, 
we can order the steps as aj < ag % ... < an and the elements of M as 
by < ba <... < bn-1. Let s’ = ay +a2 4... +an—1. If we remove an and bn—1, 
there are two cases: = 


@ matt 


1) s’ is not among the first n —2 elements of M. In this case, by induction, 
we can order the first n — 1 jumps until we reach s’. If at any moment we fell 
on bn-1, we change that last step for @, and then we continue in any way to 
reach s. From the induction hypothesis we know that we have never fallen on 
b1, b2,...,bn-2. Also, if we had to use the change, since there are no elements 
of M after b,-1, we do not have to worry about falling on a by in the rest of 


the jumps. 


2) s’ is one of the first n — 2 elements of M. If this happens, then since 
s! = s — an is in M, among the 2(n— 1) numbers of the form s — a;, S — a; — an 
with 1 < i < n — 1 there are at most n — 2 elements of M. If we look at 
the pairs of numbers (s — ai, S — a; — an), since we have n — 1 of these pairs 
and they contain at most n — 2 elements of M, there is a number a; such that 
neither s — a;, nor s —a; — an are in M. Notice that after s — a; — an we have 
s’ and bn—1, which are two elements of M. Therefore, there are at most n — 3 
elements of M before s — a; — an. Then, by the induction hypothesis, we can 
use the other n — 2 jumps to reach s — a; — an, then use an and then use a; to 
get to s without falling on a point of M. 

This completes the inductive step and hence the solution to our problem. 
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Problem 7.29. (IMO shortlist 2004) For a finite graph G, let f(G) be the 
number of triangles and g(G) the number of tetrahedra formed by edges of G. 
Find the least constant c such that 


(Gy? se f(a, 
for every graph G. 


Solution. If |G| = n, we could try an induction on n. Notice first that if G 
is the complete graph then we get 


ae) = (7) ~E and (@)= (3) ~ a 


9G) 26 _ 3 
f(G)4 “228 ~ 32° 

It is natural to suspect that this is the best possible c, because each tetrahe- 
dron contains four triangles, whereas a triangle can even belong to no tetrahe- 
dron, and the maximal number of tetrahedra a triangle belongs to is attained 
for a complete graph. 2 

The most popular induction approach would be to take a vertex A, consider 
the subgraph G induced by the neighbors of A and Gə induced by all the 
vertices except A, and try to use induction step on G1, G2. But we confront 
with a problem as we cannot really know the relationship between the triangles 
and edges of G; that arises in our computations. 

So let us lower the level and try at first to establish a relation between 
the number of edges e(G) and the number of triangles f(G) in a graph G. 
Reasoning as above, we can suspect that f(G)? < 2e(G)°. The base cases 
|G| < 3 are obvious. 

Now let us perform the induction step. Pick up a vertex A and consider 
the subgraphs G induced by the neighbors of A and G2 induced by the non- 
neighbors of A. Let |Gi| = k, e(Gi) = l, e(G2) = s, f(G2) = t. We establish 
that e(G) = k+ s, f(G) =t+l. Now we ene from the induction hypothesis 
that t? < < 383 , and it is also clear that | < £ Zl <s. So 


so 


f(@? = (t+)? =F +2t14+2. 
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Moreover, we also have 


2 2 2 2 
“a @ =^ k)3 = 23 2k k2 3 
9°(9) 9 (5 +) 5° +58 ae + r. 
But t? < 283, hence 
1 
L< vls < ——vV sk, 
v Szy’ 
so 
2 1 2 
2l < 24/—s./s—z/sk = £3? 
< [zov var 35% 
and also 


sk? 2 
2 <Ig < < Ĉsk?. 
Stes S 30k 


So we conclude that f(G)? < 2e(G)?. 
Now let us use this result to our main/induction. We define G1, G2 as above. 


o0 ks s 


Set f(G2) = s, g(G2) = t, e(G1) = k » (Gr) =l. We know that 
3 2 
t? < 30°? l% S gk ,l<s 


Now we get f(G) =s+k,g(G) =t+ l Thus 


at 


@ 


i om: 


“a =(t+ ; = Ë + 3472+ 3t? +2, 


3 3 3 


3 4 4 3 9 212 34 4 
scat k = = Dad 
a (CV= (s+ = Ža +38 k + gsf PRF af 
We break it ae again: 
1 
2v} 
Pz a I< s313 < Bj s3k 


It follows that 


then 
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and finally 
2 3 
3 < eh gh 
L < 5 sk? < 3 sk 
So 
4 
(4) < ŠO). 


The example of the complete graph shows us that 3 is the best constant. 


Remark. Using the method described above, one can prove by induction on 
n + k the following generalization: 
If we set ||G||, be the number of complete subgraphs with k vertices of G, 
the we have 
llGllë+1 < ellGlE”, 


k+1 
G = E x, and this congtant is the best possible, as shown by 


the complete graph. 


where c = 


nath_boo 


Problem 7.30. Prove that a graph with Ce ?) vertices contains either a Kn 


or a Ky i.e. either n mutually conesa vertices or k mutually not connected 
vertices. 


Teleg 


Solution. The proof is by induction on n+ k. If n+ k = 2, then a graph 
with at least one vertex satisfies the condition, and the same holds if at least 
one of n or k is 0. 

Assume now that the result holds whenever n + k < m, for some m > 3 
and let n+ k = m. Take a vertex A and let Sı be the set of its neighbors, S2 
be the set of its non-neighbors. Then 


n+k-2 n+k-3 n+k-3 
> — — — 
s+ 11 > ( ae ) 1 ( koi )+( ea ) 1, 


therefore either |S1| > (FET?) or |So| > ("f*5”). In the first case, by the 


induction hypothesis Sı contains either a Kn_1 or a Kp. If it contains a Ky 
we are done, so are we if it contains a K,_; because we can add A to it. In the 
second case, by the induction hypothesis S2 contains either a Kn or a Ky_1. 
Again, if it contains a K,, we are done, and if it contains a K,_; we add A to 
it and establish the induction step. 


7. Combinatorics 361 


Problem 7.31. In a simple graph with a finite number of vertices each vertex 
has degree at least three. Prove that the graph contains an even cycle. 


Solution. We prove the result by induction on the number n of vertices. The 
base case n = 4 is true because we the have a cycle with length four. 

Now assume that we have proven the problem for all graphs which have 
fewer than n vertices. Take a graph G with n vertices. Assume by con- 
tradiction that it does not satisfy our condition. Consider a minimal cycle 
X1X2q...X241. Then the vertices X; and X; are not connected to each other 
unless they are consecutive on the cycle, so from each of them emerges at least 
one edge outside the cycle. These edges point to different vertices, because if, 
for example, X; and X; are connected with the same vertex Y then the two 
cycles Y X;Xj41...X; and Y X;,X;_1...Xj; have sum of lengths 2k + 5 thus 
one of them has even length. Thus we can suppress X1, X2,...,X2k41 into 
one vertex X and join X by Y if and only Y is connected to one of the X; 
in G. In this new graph G’, X will haye degree at least 2k + 1 and the other 
vertices will preserve their degrees fromm G. Thus by the induction hypothesis, 
G’ must contain an even cycle. If X is not in this cycle, then the cycle appears 
also in G, so G contains an even cycle, contradiction. If X is in this cycle, 
say the cycle is X Ay Ao... Agi_1, thenA; and Azı are connected to different 
X; and X; in G. Thus we have two cycles X;Xj41...X;A1A2...Agij-1 and 
XjXj-1...XjA1A2...Agq—1. The sum of their lengths is 2k +4l + 1, so one of 
them is even. This gives us the desired contradiction, completing the proof. 


Problem 7.32. For a positive integer n, let S be a set of 2” +1 elements. Let 
f be a function from the set of two-element subsets of S to {0,...,27~1— 1}. 
Assume that for any elements x,y,z of S, one of f({zx, y}), f({y, z}), f({z, }) 
is equal to the sum of the other two. Prove that there exist a,b,c in S such 


that f({a, b}), f({b, c}), f({c, a}) are all equal to 0. 


Solution. We can reformulate the problem in a more comfortable language: 
the edges of a complete graph on 2” + 1 vertices are assigned numbers from 
the set {0,1,...,2”~' — 1} such that in every triangle, the sum of numbers 
assigned to two edges of a triangle equals the sum of numbers assigned to the 
third. We must prove there is a triangle with all edges null. We shall do this 
by induction on n > 1. The base case n = 1 is immediate. 
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To use the induction hypothesis, we would like to find a subgraph with 
2"-1 4 1 vertices whose all edges are assigned numbers from 0 to 2"~? — 1. 
Unfortunately this approach fails. However, we can try another one: find a 
subgraph with 2"—! + 1 vertices whose all edges are assigned even numbers. 
Then we could apply the induction hypothesis to it, because the numbers 
assigned to its edges are twice a number from the set {0,1,...,2"~-? — 1}. We 
can achieve this. 

Indeed, we see that every triangle contains an even number of edges which 
are assigned an odd number. Then so does any cycle, because the edges of the 
cycle A; A2... An can be split into the edges of n — 2 triangles 


A, Az A3, Ay A3Aq,...,A1An—1An 


(the edges A143, A3Aq4,...,A1An—1 are counted twice, so they do not affect 
the parity). In particular, there is no odd cycle such that the numbers assigned 
to its edges are all odd. Therefore, the graph obtained by joined two vertices 
if and only if the edge joining them in the original graph is assigned an odd 
number contains no odd cycle, hence it is bipartite by a famous graph theory 
result. Then one part contains at least 2”71 + 1 vertices, and it is our desired 
subgraph. l 


Problem 7.33. Let G be a graph on n vertices such that there are no K4 
3 
subgraphs in it. Prove that G contains at most (=) triangles. 


Solution. We prove the result by induction of step 3. For n = 2, n = 3, and 
n =A, the result is clear. 

Assume now that the result holds for all integers less than some n > 5. Let 
G be a graph with n vertices, having no 4-clique. Observe that we can add 
edges to G until it contains a triangle ABC. Let G \ AABC be the subgraph 
formed by the remaining n — 3 vertices. 

Using Turan’s Theorem, since G \ AABC contains no K4 subgraphs, it 


2 
has at most (273) edges. From the induction hypothesis, we also know that 


it contains at most ea‘ triangles. The remaining triangles in G are formed 
as a union of one vertex belonging to ABC and an edge from G \ AABC, or 
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by a union of one edge from ABC and one vertex belonging to G\ AABC, or 
ABC itself. 

Every edge from G \ AABC forms a triangle with at most one vertex 
belonging to ABC. Each vertex from G \ AABC can form a triangle with at 
most one pair of vertices that belongs to ABC’. Otherwise, in both cases, we 
get a K4 subgraph formed. Hence the total number of triangles is at most 


(Be) + OG te waa (AZ) = (8), 


and our induction is complete. The equality case holds in the case of a 3-partite 
graph Kann. 


Problem 7.34. (Moscow 2000) In a country, there is at least one road 
going out of each city (each road connects exactly two cities). We call a city 
marginalized if there is only one road: going out of it. It is known that it is 
not possible to get out of one city and then to get back into it using a closed 
circuit. The cities were split into two sets so that no two cities belonging to the 
same set are connected by a road. Assuming that there are at least as many 
cities in the first set as in the second; show that the first set must contain a 
marginalized city. 


Solution. We begin by showing that there is a marginalized city in the 
country. Indeed, considering the route which contains the largest number of 
cities and which passes through each of its cities exactly once, it is clear that 
the first and the last city of this route are marginalized. 

We now prove the statement of the question by induction on the number 
n of the cities in the country. For n = 2, the conclusion is clear. 

Assume now that we proved the statement for all values n < m — 1. We 
shall prove it for n = m as well. Consider a marginalized city. If it belongs to 
the first set, then we are done. Otherwise, it must be in the second set. If we 
remove this city, in the country we obtain, there are two possible cases: 


Case 1. The city we removed is connected to a city which is not marginalized 
in the country we obtain. Then in the country we obtain, in the second set 
there must be fewer cities than in the first set. From the induction hypothesis, 
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there is a marginalized city in the first set. This is the marginalized city in 
the original country. 


Case 2. The city we removed is connected to a city A, which is marginalized 
in the country we obtain. Then the city A is connected only to cities in the 
second set. We now also remove the city A. By this procedure, we removed 
a city from each set, hence the induction hypothesis applies to the country 
we obtain by doing these removals, so it must be that there is a marginalized 
city in the first set. But this city will also be marginalized in the country we 
started with. Therefore the induction step is proved in this case as well. 


Problem 7.35. (Moscow 2001) There are 20 teams each belonging to a 
different city that play some football games among themselves, such that each 
team plays a home game and at most two away games. Prove that we can 
schedule the games in such a way thatzeach team does not play more than one 
game per day and all games are played in three days. 


© 


Solution. We prove the statement by induction on the number n of the teams. 
If n = 2, everything is clear. 2 

Assume first that there is a team A which only plays a home game, say 
against B. Then the hypotheses of the question are still true for the rest of the 
teams, if we remove the team A and its game against B. Therefore using the 
induction hypothesis, for the rest of the teams we can schedule the games so 
that they take only 3 days. From our assumption, team B could only play two 
games in the reduced schedule, so we can schedule the game between A and 
B for the day when B is not scheduled to play. So we proved the induction 
step for this case. 

Assume now that every team played at least one away game. So it must 
be that each team played exactly one home game and one away game. This 
implies that we can partition the teams into groups such that if a group has 
k teams Aj, Ao,..., Az, team A; plays at home against A2, A2 plays at home 
against A3,..., Ax, plays at home against A, and A, plays at home against 
Aı. Then for each group, we schedule the game between A; and Ag in the 
first day, the game between Ag and Ag in the second day, the game between 
Az and A; in the first day and so on. If k is even, then all games can be 
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scheduled in two days and if k is odd, then the last game between A, and A; 
is scheduled for the third day. This completes the proof in this case. 


Problem 7.36. (Five color theorem) Prove that the vertices of every planar 
graph can be colored with 5 colors such that each edge has its corresponding 
vertices of different colors. 


Solution. To solve this problem we will need two corollaries of Euler’s formula 
(Example 7.12) which states that if a connected planar graph with V vertices 
and E edges divides the plane into F faces, then V — E + F = 2. The first fact 
we will need is that any planar graph must have a vertex of degree at most 5. 
Clearly, it suffices to prove this for connected planar graphs. Since each face 
is bounded by at least 3 edges and each edge is counted in at most 2 faces, we 
have 3F < 2E. Thus from Euler’s forrmula we deduce that EF < 3V —6. If every 
vertex has degree at least 6, by the handshaking lemma ( Do deg(v) = 2E) 
E vEV 


we would obtain E > 3V. This is impossible, so there must be a vertex of 
degree at most 5. The second fact we will need is that the complete graph Ks 
with 5 vertices cannot be planar. This follows from the bounds above since 
Ks has 10 edges and 5 vertices, and these violate the inequality above since 
10>3-5-6=9. 

Note that as soon as we showed that there was a vertex of degree at most 
5, we have an easy inductive proof of the six color theorem. We induct over 
the number of vertices. The base case is trivial. For the inductive step, we 
simply delete a vertex of degree at most 5. This results in a graph with fewer 
vertices, so by the induction hypothesis we can color it with six colors. Since 
the neighbors of the deleted vertex use only five of these colors, there is a color 
available for it. 

The proof of the five color theorem is similar, but we will have to work a 
little to make sure a color is available. Again we proceed by induction on the 
number of vertices and the base case is trivial. Pick a vertex v with degree 
at most 5. If it has degree 4 or less, then we simply delete v. The resulting 
planar graph has fewer vertices, and hence can be colored with our five colors. 
Since v has at most 4 neighbors, there must be a color not used by any of its 
neighbors and we may color v this color. 
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Thus we may assume v has degree 5, say with neighbors A, B, C, D, and E 
in clockwise order. Note that we can draw an edge from A to B which closely 
follows the edges Av and vB and hence doesn’t cross any other edges. Thus 
we may assume A and B are adjacent, and similarly for the other consecutive 
pairs. If the remaining pairs (A, C), (B, D),...,(E,B) were all adjacent, we 
would have a copy of the complete graph Ks which we saw above is impossible. 
Thus without loss we may assume A and C are not adjacent. Note that after 
we delete v, we can join A and C by a rubber band that follows the edges Av 
and vC and hence misses all the other edges. Pulling this rubber band tight, 
we can collapse A and C into a single vertex, call it w. A vertex x is adjacent 
to w if and only if it was adjacent to either A or C in the original graph. 

This new planar graph has fewer vertices, hence by the inductive hypothesis 
we can color it with 5 colors. When we mentally cut the rubber band joining 
A and C, we will get a coloring of every vertex except v such that A and C 
(the two halves of w) have the same ĉolor. Note that since A and C are not 
adjacent, this is a valid coloring of the graph with v removed. Since A and 
C have the same color, the neighbors of v use at most four of the five colors, 
hence there is a color available to color v. This completes the inductive step. 


Problem 7.37. In a simple graph with a finite number of vertices, each vertex 
has degree at least three. Prove that the graph contains a cycle whose length 
is not divisible by 3. 


Solution. We prove the result by induction on the number of vertices of a 
graph. The minimal possible number of vertices is 4 for a complete graph on 
four vertices, in which we have a cycle of length four. 

Now assume we have proven the assertion for all graphs with less than 
k vertices (where k > 5), and let us prove it for all graphs with k vertices. 
Assume we do have a counter-example with k vertices. Pick up a minimal 
cycle X1X2... Xm (we do have such a cycle because we have at least 3k > 
k — 1 edges). Then m is divisible by 3. Also no two vertices X; and X; are 
connected unless they are consecutive on the cycle, because otherwise they 
would split the cycle into two smaller cycles. Furthermore, no other vertex 
Y is connected with two different vertices X;, Xj because then one of the 
cycles Y XiXi+1 --- Xj, Y Xj Xj41...X; would have length not divisible by 3, 
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as the sum of their lengths is m+ 4, which is not divisible by 3. Collapse 
X1; X2,..., Xm into one vertex X and join X with other vertex Y from the 
original graph if and only if Y is connected with (only) one of X1, X2,...,Xm. 
In this new graph, every vertex except X will maintain its degree, while X 
will have degree at least m (as from X1,X2,...,Xm there are at least m 
more edges emerging outside the cycle) so also at least 3. Finally, if this new 
graph contains a cycle with length not divisible by 3, then it must contain 
X, otherwise it would be a cycle with length not divisible by 3 in the original 
graph. If we let the cycle be X A,A2...A,—1 where r is not divisible by 3, 
then A, is connected to some vertex X; in the original graph and A,_, is 
connected to some vertex X; in the original graph. Thus there are cycles 
Xj Xj41 ... X; A1 A2... Ar—1 and XjXj-1 ... Xi A1 A2... Ar—1ı in the original 
graph. The sum of their length is r+m, not divisible by 3, so one of the cycles 
will have length not divisible by 3, which is a contradiction. We deduce that 
our newly constructed graph has less than k vertices and has no cycle whose 
length is divisible by 3. But this contradicts the induction hypothesis. Our 
proof is complete. < 


m:é 


Problem 7.38. (China 2000) A table tennis club wishes to organize a dou- 
bles tournament, a series of matches where in each match one pair of players 
competes against a pair of two different players. Let a player’s match number 
for a tournament be the number of matches he or she participates in. We are 
given a set A = {a1,a2,..., ax} of distinct positive integers all divisible by 6. 
Find with proof the minimal number of players among whom we can schedule 
a doubles tournament such that 


i) each participant belongs to at most 2 pairs; 
ii) any two different pairs have at most 1 match against each other; 


iii) if two participants belong to the same pair, they never compete against 
each other; 


iv) the set of the participants’ match numbers is exactly A. 


Solution. We begin by proving the following auxiliary result: 
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Lemma. Suppose that k > 1 and 1 < bı < b2 < ... < by. Then there exists a 
graph of by +1 vertices such that the set {b1, b2, . . . , bg} consists of the degrees 
of the b + 1 vertices. 


Proof. We prove the lemma by strong induction on k. If k = 1, the complete 
graph on bı vertices suffices. If k = 2, then take b2 + 1 vertices, distinguish bı 
of these vertices, and connect two vertices by an edge if and only if one of the 
vertices is distinguished. 

We now prove that the claim is true when k = i > 3 assuming that it is 
true when k < i. We construct a graph G of b; + 1 vertices, forming the edges 
in two steps and thus “changing” the degrees of the vertices in each step. Take 
bi + 1 vertices and partition them into three sets S1, S2, S3 with |S1| = by, 
|So| = b:-1 — b1 + 1 and |S3| = b; — (b;-1 +1). By the induction hypothesis, we 
can construct edges between the vertiges in S2 such that the degrees of those 
vertices form the set {b2 — bj,..., bi 8 — bı}. Further, construct every edge 
which has some vertex in S$; as an endpoint. Each vertex in S; now has degree 
bi, each vertex in S3 has degree bı and the degrees of the vertices in S2 form 
the set {bo,...,b;-1}. Hence, altogether, the degrees of the b; +1 vertices in G 
form the set {b1, b2, ... , bi}. This completes the inductive step and the proof. 

Back to our original problem, suppose that we have a doubles tournament 
among n players satisfying the given conditions. At least one player, call 
him/her X, plays in the maximal number of matches which we will denote 
by max(A). Let m be the number of different pairs of players X has played 
against. Each of X’s matches involves two opponents for a total count of 2m. 
Any player is counted at most twice in this manner, as any player belongs 
to at most two pairs. Hence, player X must have played against at least m 
different players. If X is in j pairs (with j = 1 or j = 2), then there are at 
least m + j + 1 players in total (X, the j players who played with X, and at 
least m players who played against X). Also, X plays in at most jm matches, 
implying that jm > max(A). Hence, 


n>m+j+1 > max(A)/j+j+1 > min{max(A) + 2,max(A)/2 + 3}. 


Since max(A) > 6, we have max(A) + 2 > max(A)/2 + 3, implying that 
n > max(A)/2+3. 
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We now prove that n = max(A)/2 + 3 is attainable. From the lemma, 


we can construct a graph G of max(A) + 1 vertices whose degrees form the set 

G, 2,- €} Partition the n players into max(A)/6+1 triples, and let two 
players be in a pair if and only if they are in the same triple. Assign each triple 
(and, at the same time, the three pairs formed by the corresponding players) 
to a vertex in G, and let two pairs compete if and only if their corresponding 
vertices are adjacent. Suppose that we have a pair assigned to a vertex v of 
degree G. For each of the 4 vertices w adjacent to w, that pair competes 
against the three pairs assigned to w, for a total of # matches. Each player 
assigned to v is in two pairs and hence has match number 2% = a;. Therefore, 


the set of participants’ match numbers is {a1,@2,..., a,x}, as we wanted. 


Problem 7.39. (Poland 2000) Given a natural number n > 2, find the 
smallest integer k with the following property: Every set consisting of k cells 
of an n x n table contains a non-empty subset S such that in every row and 
in every column of the table there are an even number of cells belonging to S. 
Solution. The answer is 2n. To see that 2n — 1 cells do not suffice, consider 
the “staircase” of cells consisting of the’main diagonal and the diagonal imme- 
diately below it. Number these cells from upper-left to lower-right. For any 
subset S of the staircase, consider its lowest-numbered cell; this cell is either 
the only cell of S in its row or the only cell of S in its column, so S cannot 
have the desired property. 
To see that 2n suffices, we use the following lemma: 


Lemma. If a graph is drawn such that its vertices are the cells of an m x n 
grid, where two vertices are connected by an edge if and only if they lie in 
the same row or the same column, then any set T of at least m + n vertices 
includes the vertices of some cycle whose edges alternate between horizontal 
and vertical. 


Proof. We induct on m+n. If m = 1 or n = 1, the statement is clearly 
true. Otherwise, we construct a trail as follows. We arbitrarily pick a starting 
vertex in T and, if possible, proceed horizontally to another vertex of T. We 
then continue vertically to another vertex of T. We continue this process, 
alternating between horizontal and vertical travel. Eventually, we must either 
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(a) be unable to proceed further, or (b) return to a previously visited vertex. 
In case (a), we must have arrived at a vertex which is the only element of T in 
its row or its column; then remove this row or column from the grid, remove 
the appropriate vertex from T, and apply the induction hypothesis. In case 
(b), we have formed a cycle. If there are two consecutive horizontal edges 
(resp. vertical edges), as is the case if our cycle contains an odd number of 
vertices, then we replace these two edges by a single horizontal (resp. vertical) 
edge. We thus obtain a cycle which alternates between horizontal and vertical 
edges. By construction, our cycle does not visit any vertex twice. 

To see that the result of the lemma solves our original problem, suppose 
that we have a set of 2n cells from our n x n grid. It then contains a cycle: 
let S be the set of vertices of this cycle. Consider any row of the grid. Every 
square of S in this row belongs to exactly one horizontal edge, so if the row 
contains m horizontal edges, then it contains 2m cells of S. Thus, every row 
(and similarly, every column) containgian even number of cells of S. 


Problem 7.40. (Austrian-Polish MO 2000) We are given a set of 27 
distinct points in the plane, no three collinear. Four points from this set are 
vertices of a unit square; the other 23:points lie inside this square. Prove that 
there exist three distinct points X,Y, Z in this set such that [XYZ] < ze 


Solution. We prove by induction on n that, given n > 1 points inside the 
square (with no three collinear), the square may be partitioned into 2n + 2 
triangles, where each vertex of these triangles is either one of the n points 
or one of the vertices of the square. For the base case n = 1, because the 
square is convex, we may partition the square into 4 triangles by drawing line 
segments from the interior point to the vertices of the square. 

For the induction step, assume that the claim holds for some n > 1. Then 
for n + 1 points, take n of the points and partition the square into 2n + 2 
triangles whose vertices are either vertices of the square or are among the n 
chosen points. Call the remaining point P. Because no three of the points 
in the set are collinear, P lies inside one of the 2n + 2 partitioned triangles 
ABC. We may further divide this into the triangles APB, BPC and CPA. 
This yields a partition of the square into 2(n + 1) + 2 = 2n + 4, completing 
the induction. 
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For the special case n = 23, we may divide the square into 48 triangles 
with total area 1. One of the triangles has area at most 4, as desired. 


Problem 7.41. (Moscow 1999) We consider in the plane a convex polygon 
such that each of its sides is a segment which is colored towards the outside 
of the polygon (i.e. we regard a part of the segment as colored, and the other 
one not). Inside the polygon we draw some diagonals which again, have a side 
that is colored and one which is not. Prove that one of the polygons that was 
formed while partitioning the initial polygon must also have its sides colored 
towards the outside. 


Solution. We prove the result by induction on the number n of diagonals 
that were drawn. For n = 0, the statement holds from the hypothesis. 

We now assume the statement for some n > 0. Before we draw the (n+ 1)- 
st diagonal, there is a polygon P which is colored towards the exterior from 
the induction hypothesis. When we draw the last diagonal, it either intersects 
P or not. If it does not intersect P, then in the final configuration, P is still 
colored towards the exterior. If it intersects P, then it partitions P into two 
convex polygons, and the one situated on the uncolored side of the diagonal 
is the one which will now be colored towards the exterior. This completes the 
induction step. 


Problem 7.42. (USSR 1989) A fly and a spider are on a 1 x 1 meter square 
ceiling. In one second, the spider can jump from its position to the middle of 
any of the four segments which join it to the vertices of the ceiling. The fly 


does not move. Prove that in eight moves the spider can be within 1 centimeter 
of the fly. 


Solution. We are going to prove a more general statement. Let us first 
introduce a rectangular system of coordinates of the ceiling, with the origin at 
one of its corners and the axes going along the corresponding edges. We take 
1 meter as the unit of the length. 

Let (x, y) be the coordinates of the initial position of the spider. Consider 
the set of points 


LHi YI)... mA 
A= (F) ije o sij <2}. 
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This set gives us a network of cells whose sides have length equal to 2-*. 
Obviously Ao consists of just the single point (x,y) and the four points in A, 
are shown in the diagram below. 


(0,1) (1,1) 


(y+1)/2 


y/2 b--- 2-2 fo n-ne eee 


(0,0) x/2 (x+1)/2 (1,0) 


Telegram4@ math_books 


We see that when jumping from a point (x,y), the spider can change the 
first coordinate x of its location to either 7/2 or (x + 1)/2 and independently, 
it can change the second coordinate to either y/2 or (y+ 1)/2. We prove by 
induction on k that the spider can jump to any point of the set A, after k 
jumps. 

For k = 0, this is clear. Suppose that the spider can jump on any point of 
A, after k jumps. Take an arbitrary point 


r+i uri) 


M (F Qk+1 


of Axi. We have to find a point N = (21,41) of Ay from which the spider 
can jump to M. Take 

ae os ifi < 2* 

ep ape SP 


eS if j < 2* 


and similar] = : A 
i ce if i > 2k 
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The point N which has these coordinates lies in Ay, and the spider can jump 
from it to M. 

Observe now that for any point P on the ceiling there exists a point in A; 
whose distance from P is not greater than /2-2-*. In particular, for k = 8 
we have v2 -278 < 545, which solves the original problem. 


Problem 7.43. Prove that if the plane is divided into parts (“countries”) by 
lines and circles, then the obtained map can be painted in two colors so that 
the parts separated by an arc or a segment are of distinct colors. 


Solution. We prove the statement by induction on the total number of lines 
and circles. For one line or circle, the statement is obvious. 

Now suppose that it is possible to paint any map given by n lines and 
circles in the required way and we want to show how to paint a map given 
by n + 1 lines and circles. Let us delete one of these lines (or circles) and 
paint the map given by the remaining n lines and circles using our inductive 
hypothesis. Then we retain the colors:of all the parts lying on one side of the 
deleted line (or circle) and replace the colors of all the parts lying on the other 
side of the deleted line (or circle) with opposite ones. In this way we achieve 
a coloring for n + 1 lines and circles, which finishes our induction and hence 
the question. 


Problem 7.44. (IMO 2006 shortlist) Let S be a finite set of points in the 
plane such that no three of them are on a line. For each convex polygon P 
whose vertices are in S, let a(P) be the number of vertices of P, and let b(P) 
be the number of points of S which are outside P. A line segment, a point 
and the empty set are considered as convex polygons of 2, 1 and 0 vertices, 
respectively. Prove that for every real number x we have 


2 m E EN 


where the sum is taken over all convex polygons with vertices in S. 


Solution. We use strong induction on |S|, where the base case |S| = 0 is 
clear. 
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Consider the convex hull of S, and say it has n points Q1,Q2,...,Qn.- 
Then by the inductive hypothesis (letting S’ = S — {Q:,, Qiz- Qi, }), 


FS) = Yo a — 2)Ps'P) = 1, 


Pes’ 


Using the Inclusion-Exclusion Principle to sum up 2%”) (1 — x)’s) over 
all convex polygons P € S excluding at least one point on the convex hull 
Q1Q2...Qn (note that the k points excluded are outside P), we obtain 


OE P 1) (7) a-erts) = -0-0-2-1 -2)°) 


and thus f(S) = 1, as desired. 


boks 


Problem 7.45. (IMO 2006 shortlist A holey triangle is an upward equi- 
lateral triangle of side length n with R upward unit triangular holes cut out. 
A diamond is a 60° — 120° unit rhombus. Prove that a holey triangle T can 
be tiled with diamonds if and only if the following condition holds: Every 
upward equilateral triangle of side length k in T contains at most k holes, for 
1<k<n. 


Solution. Every diamond contains an upward and a downward triangle with a 
common edge. Now in every upward triangle T with sidelength k we have k? weak 
upward triangles and kek downward triangles. The downward triangles are 
adjacent only with upward triangles from T, so if more than k upward triangles 
are removed, there are not enough of them to match with the downward ones. 
This proves the easier part of the problem. Now let us prove the converse by 
induction on n: 

Call a sequence 2k + 1 of consecutive upward and downward triangles 
(starting and ending with upward triangles) from the same row a “block”. 
The block above it of 2k — 1 triangles is called the “above block”. We wish 
to cover all the triangles in the last row of the big triangle T with diamonds. 
There can be horizontal diamonds, but there also can be vertical ones, and for 
them we will need to borrow upward triangles from the above row. When we 
finish, it is easy to conclude there will be n — 1 holes in the remaining triangle 
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T’ of side n — 1. We just need to pick the diamonds in such a way that the 
induction hypothesis is respected. Call a triangle which contains a part of the 
base a “base” triangle. Call a triangle which contains as many holes as its 
sidelength “full”, and one which contains more than its sidelength “deadly”. 
We must not create “deadly” triangles after cutting the last row. It is clear a 
deadly triangle may appear only as a “base” triangle for T”. 

We claim that if a block from the base contained r holes, at most r holes are 
added to the block above it after removing the last row. We do the following 
procedure: the space between two consecutive holes in the last row can be filed 
in with diamonds except one downward triangle which has to be connected 
with a triangle above (clearly at least one of the downward triangles can be 
matched otherwise there would be too many holes breaking the condition). 
It is is easy to verify the claim after such a conclusion. Moreover, it is clear 
that any arrangement is of the above type, as otherwise we would create too 
many holes in T’ (between any two consecutive holes we must create a hole 
in T’, and if we somewhere create more it would be over). Now we claim a 
“deadly” triangle arises from a full triangle. Indeed, if we have a base deadly 
triangle with sidelength j an j +1 holés we can extend it one unit downward. 
This triangle has sidelength 7 + 1 and had originally also at least j + l holes 
according to our claim. So l = 1 and this triangle was full at the beginning. 
It only remains to manage the full base triangles, thus. 

If two full triangles of sidelength k, l intersect in a triangle of sidelength m, 
we deduce this small triangle is also full and the big triangle of length k+]—m 
is too. So we may do such unions unless k +1 — m is not n. When we finish, 
we have two possible cases: 


a) we have some non-intersecting full triangles. Then every full base tri- 
angle is contained in one of them otherwise we could still unite it with one. 
Applying the induction hypothesis for them we can tile the bottom rows of 
them with diamonds without not making them full. Completing the tiling we 
achieve the goal. 


b) We have intersecting triangles, but uniting them would form the big 
triangle T for which we can not apply the induction step. It is easy to see 
this is possible only when there are two such triangles of sidelength k,l which 
intersect in a triangle of sidelength m and k+1—m=n. Then we have at 
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most m holes in the common part. So at least k + 1—m = n holes in the 
union of these two triangles. It means the remaining parallelogram at the top 
contains no hole and then it can be tiled with diamonds. The two triangles 
can also be tiled. Moreover any tiling tiles also the common part of sidelength 
m completely. So we may tile one triangle, and tile the remaining part of the 
second. This is the desired tiling of T. 


Problem 7.46. (IMO 2005 shortlist) Let n > 3 be a given positive integer. 
We wish to label each side and each diagonal of a regular n-gon P}... P, with 
a positive integer less than or equal to r so that: 


i) every integer between 1 and r occurs as a label; 


ii) in each triangle P;P;P,, two of the labels are equal and greater than the 
third. ; 


Given these conditions: 


@math_book 


a) Determine the largest positive integer r for which this can be done. 
b) For that value of r, how many such labellings are there? 


Solution. Let [XY] denote the label of the segment XY, where X and Y are 
vertices of the polygon. Consider any segment MN with the maximum label 
[MN] =r. By the condition (ii), for any P; Æ M, N, exactly one of P;M and 
PN is labelled by r. Thus the set of all vertices of the n-gon splits into two 
complementary groups: A= {P; : [P;M] = r} and B= {P; : [PN] =r}. 

We claim that a segment XY is labelled by r if and only if it joins two 
points with one in A and the other in B. Assume without loss of generality 
that X € A. If Y € A, then [XM] = [YM] = r, so [XY] <r. If Y € B, then 
[XM] =r and [YM] <r, so [XY] =r, by (ii), as claimed. 

We conclude that a labelling satisfying (ii) is uniquely determined by 
groups A and B and labellings satisfying (ii) within A and B. 


(a) We prove by induction on n that the greatest possible value of r is 
n—1. The degenerate cases n = 1 and n = 2 are trivial. If n > 3, the number 
of different labels of segments joining vertices in A (respectively B) does not 
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exceed |A| — 1 (respectively |B| — 1), while all segments joining a vertex in A 
and a vertex in B are labelled by r. Therefore 


r<(|AJ—1)+((6| -1)+1l=n-1. 


The equality is attained if all the mentioned labels are different. 


(b) Let an be the number of labellings attained with r = n — 1. We prove 
by induction that an = niin) )! This is trivial for n = 1, so let n > 2. If 
|A| = k is fixed, the groups A and B can be chosen in (z) ways. The set of 
labels used within A can be selected among 1,2,...,n— 2 in (2) ways. Now 
the segments within groups A and B can be labelled so as to satisfy (ii) in ax 
and an_, ways, respectively. This way every labelling has been counted twice, 


since choosing A is equivalent to choosing B. It follows that 


ks 


a (iD 
an=) @kün—k 
2 S kJ\k—1 E 
o n(n- E S ak l An—k 
2(n — 1) = k!(k = 1)! (n—k)'(n—k-—1)! 
_ n(n —1)!e 1 1 —n(n—1)! 
= 2(n — 1) = 9k—-1  Qn—-k-1 nml, | 


Problem 7.47. In a convex n-gon (n > 403), there are 200n diagonals drawn. 
Prove that one of them intersects at least 10000 others. 


Solution. More generally, we prove that if n > 150 and if no diagonal inter- 
sects more than 10000 others, we have drawn at most 200(n — 51) diagonals. 
We do this by induction on n. 

If n < 343, we have ea 3) < 200(n — 51) and it is clear. 

For the induction ep assume that we have proved the result for all in- 
tegers less than n and n > 343. Suppose that we have drawn more than 
200(n — 51) diagonals. Then we have a vertex from which exit at least 343 
diagonals. Take the 170th diagonal. This divides the polygon into two smaller 
polygons. Let the polygons have sides k,l, with k +l = n + 2. We note that 
k,l > 150. Then by the induction hypothesis, the number of diagonals in 
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the first polygon is at most 200(k — 51) and in second at most 200(/ — 51). 
Summing, since we have at least 200(n — 51) diagonals, we get at least 10000 
diagonals intersecting the 170-th diagonal, which is contradiction. 


Problem 7.48. Consider a convex n-gon such that no three of its diagonals 
are concurrent. In how many parts do the diagonals divide the n-gon? 


Solution. Let us prove that diagonals divide our n-gon into 


(n — 1)(n — 2)(n? — 3n + 12) 
24 


parts. The base case n = 3 is clear. Assume that the statement is true 
for all n-gons and let us prove it for n + 1-gons. Consider an n + 1-gon 
A, A2...An+1 that is divided by the diagonal A; A, into n-gon A; A2...An 
and triangle A; AnAn4i. The diagorials in the n-gon A,A2g...Ay divide it 
into F(n) regions. When we add backsthe triangle Ay AnAn+1 we gain 1 more 
region. Now consider adding the diagonals AxAn+1 for 2 <k <n-—l1 one ata 
time. If we add a diagonal which is cut: by m other diagonals, then that means 
it splits m+1 regions. Since Az, An4i niets every diagonal A; A; with1 <i < k 
and k < j < n, we see that ApAnii cuts (k — 1)(n — k) other diagonals and 
hence adds (k — 1)(n — k) + 1 regions. For the triangle A1 An An+ı and these 
n — 2 diagonal we get a total of n — 1 contributions of +1, so we obtain the 
following recursive formula 


F(n+1) = F(n)+(n—1)+1.(n—2)+-2(n-3)+...+(n—3)-2+(n-2)-1. 


This can be reduced to 


n= n 4 


n 
PFD = Rama a 


which gives us the desired result after direct calculation. 


Problem 7.49. We are given some unit squares which are translations of each 
other in the plane, such that from any n+ 1, at least two intersect. Prove that 
we can place at most 2n — 1 needles in the plane, such that every square is 
stabbed by at least one needle. 
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Solution. Introduce a system of coordinates with axes parallel to the sides 
of the squares. The proof is by induction on n. For n = 1, any two squares 
intersect. To see this, consider the leftmost of the squares (pick one if there 
is more than one leftmost squares), then every other square must intersect 
it. We conclude that every other square must meet the line through its right 
hand side. Intersecting each square with this line, we get a collection of unit 
intervals such that any two intersect. Take an uppermost one. Then any of 
our unit intervals contains the lowest point in this interval. Thus a needle 
placed at this point meets every square. 

Now let us prove the result for n = k + 1 using the result for n = k, where 
k > 1. Let ABCD be the leftmost square, such that A and B are the lower-left 
and upper-left vertices of the square. It is clear that all squares intersecting 
ABCD must contain either C or D, so we can place two needles near them such 
that all squares intersecting ABCD aré stabbed (including ABCD). Next, the 
squares not intersecting ABCD must satisfy the conditions in the hypothesis: 
if we take k + 1 of them and ABCD, then two squares must intersect. Since 
ABCD does not intersect the other Squares, we conclude that two of the 
k +1 squares intersect. So applying thè induction hypothesis, we can stab all 
the squares not intersecting ABCD bý 2k — 1 needles. Together with the two 
previously placed needles, we get 2k +1 = 2(k+1)— 1 needles. This completes 
our proof. 
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8 Games 


Problem 8.1. Three players play the following game. There are 54 candies 
on the table. Players play by turns (one after another). In each turn it is 
allowed to take either one, three, or five candies, such that the same number 
of candies cannot be taken in two consecutive turns. The winner is the person 
who takes the last set of candies. Given perfect play of all the players, who 
will win? 


Solution. Let us prove, by mathematical induction, that if the number of 
candies is of the form 9n, where n € N*, then the third player wins. 

If n = 1, then the third player can take all the candies left and win. 

Assume now that the statement holds true for some n > 1 and we prove 
that it holds true for n+ 1. We have 9(n + 1) candies; if the first player takes 
a candies and the second player takes b candies, then the third player takes 
9 — a — b candies (that is, whichever of 1,3,5 is neither a nor b). We are now 
left with 9n candies and from the induction hypothesis we obtain that the 
third player wins. As 9 | 54, the third E player will win the game we are given 
in the problem. 


Telegra 


Problem 8.2. Let ao, a1, a2,. . ., a2016 be distinct positive numbers. Consider 
the following two-player game: players take turns to write the numbers ao, ao, 
a1, a2,..., 42016 instead of * in the polynomial +7016 + %72015 +... + x (one 


number in each turn). If the polynomial obtained in the end has an integer 
root, then the second player wins; otherwise, the first player wins. Given 
perfect play by both sides, who will win? 


Solution. We shall prove that the first player wins. We begin by proving the 
following result: 


Lemma. If max(|bi], |be|,..., [bn |) = |bn| and |k| > 2, n > 2, then 
[bn k"t] bps BP | — ... — [bi] > Bal 
Proof. We proceed by induction on n. The base case is n = 2, for which we 


have: 
|b2k| — |bi| > 2ļb2| — |b1| > [b2]. 
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Assume that the statement holds true for some n > 2 and we prove that 
it holds true for n + 1. 
We have that 


[Pm k™| — [Omk] —. 2. — [br] > 2fbm+illk”?] — [omlik]... — [br 
> |Pm+a||A™ "| — |Pm—a] |? | — ~- — [| 
> |bm+1l- 


It follows that 
lbm+illk”|— [bml k t] =.. — [bi] > |bm-+l- 


This completes the proof of our lemma. 

Back to our original problem, without loss of generality, we can assume 
that max(ao, Ql; , 22016) = 42016: Ê 

If the first player in his first turnēwrites a2016 as the coefficient of x 
then the obtained polynomial does not have a root which is less than or equal 
to —2. Indeed, if |k| > 2 and 


2016 
? 


sram 


az016k°?!6 + ai k5 se ions = 9, 
then, according to the above lemma, we have 
I@izors| = |a2016k??” +. + dizo llk] 2 2(]a2016k°?""| — ++. — |@izoral) = 2laz016!. 


Therefore, a2016 > Qiz15 > 22016, which leads to a contradiction. 

Notice that since the numbers ag, a1,...@2091g are positive integers, the 
polynomial we obtain at the end of the game cannot have a root which is 
greater than or equal to 0. 

By the work we have done so far, we know that the first player can with 
his first move ensure that only —1 could be a root of our polynomial. Split 
the remaining coefficients into two groups those which are coefficients of z} 
for k even and those which have k odd. We will call this choice of groups the 
parity of the coefficient (since at x = —1 the even group coefficients will get 
multiplied by +1 and the odd group by —1). For his next 1006 moves, the 
first player always writes a coefficient of the opposite parity to the previous 
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move by the second player. Thus when we get to the last 4 turns there will 
be two coefficients of each parity left. 

Suppose at the fourth turn from the end, the second player assigns a co- 
efficient with parity p. Then the first player is left with three numbers, one 
of which will be assigned parity p and the other two the opposite parity. The 
first thing to note is that whichever value gets assigned to the sole remaining 
coefficient with parity p will determine the value of the polynomial at —1. The 
second thing to note is that the different assignments give different values for 
the polynomial at —1. Since at most one assignment can make the value 0, 
the first player can make this assignment in a way that guarantees that —1 is 
not a root of the polynomial. This completes our proof. 


Problem 8.3. A regular pack of 52 cards (with 26 red cards and 26 black 
cards) is shuffled and dealt out to you one card at a time. At any moment, 
based on what you have seen so far, you can say “I predict that the next card 
will be red”. You can only make this: prediction once. Which strategy gives 
you the greatest chance of being right? 


Solution. Let us introduce some terminology first: by strategy, we will un- 
derstand the following: for every possible shuffling of the deck, we construct a 
corresponding word on 26 R (red) and 26 B (black) letters and denote by W 
the set of all such words. By a strategy, we mean a set S of words on R and B 
of length between 0 and 51 such that every word in W has exactly one element 
in S as its ‘head’, i.e. it begins with that word. Moreover, every element in 
S has to be the head of some element in W. This will determine, based on 
the cards that you have seen (which is basically a word, w) if you choose to 
predict (w € S) or to wait (w ¢ S) at each step. We also naturally assume 
that all possible configurations of cards have the same probability. With this 
understanding of the problem, we can prove that every strategy gives us a 
winning chance of 50%. 

Let us use induction in the more general context of x red and y black 
cards in order to show that every strategy gives the probability ey: We run 
our induction on x + y. For x+y = 2, assume x = y = 1, as the other 
cases are trivially checked. Then we can predict red from the beginning, or 
alternatively we have to shout red after we see the first revealed card. Clearly, 
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all possibilities are ‘RB’ or BR’. The first strategy prevails only for the first 
case, while the second strategy only for the second. Hence, both strategies 
have a 50% probability. 

Now assume that the probability we achieve for x + y cards is = Pre Let us 
prove that for X red cards and Y black cards with X + Y =x+y+1, the 
corresponding probability is xy: If a strategy S contains the empty word 
and hence no other, it has winning probability xy. Otherwise, the player 
would see the first card. In this case, partition S into two subsets: the set 
SR of words that start with R and the set SB of words that start with B. 
Conditioning on the event that the first card in the deck is red, SR becomes a 
strategy in its own right for a deck with X —1 red and Y black cards-provided 
we ignore ther iet letter of every word in SR. By induction, of has winning 
probability Xt +r 7- Similarly, SB has panning probability A- ;: Therefore, 
the overall winning probability of S is: 


bot 


XY X(¥- a >- REY ST 
XYY D) +Y\X+Y-1) (X+YX+Y-1) 
a a i 
3 XHY’ 


as required. This completes the proof in the case of deterministic strategies, 
in which the player makes a prediction at any step before the last card. 


Problem 8.4. On an infinite chessboard consisting of unit squares (x, y) with 
x,y > 0 two players play the following game: initially a king is positioned 
somewhere on the board, but not on (0,0), and they alternatively move it 
either down or left or down-left. The player who loses is the one who moves 
the king into the (0,0) square. Find the initial position of the king for which 
the first player wins. 


Solution. We will prove by induction on z + y > 1 that the first player has 
a winning strategy if and only if either z = 0 and y is even or y = 0 and z is 
even or x,y > 1 and not both z and y are even. 

Clearly for x +y = 1, the first player is forced to move into (0,0) and lose. 
Since the pairs (0, 1) and (1,0) are not of the form above, this proves the base 
case. 
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For x +y > 1, if one of z and y is 0, then without loss of generality x = 0. 
The first player has to move into (0,y — 1) so, by induction, he wins if and 
only if y is even. 

If x = 1 or y = 1, then without loss of generality x = 1, so the first player 
can move into one of (0,y) and (0, y — 1) which gives him a winning strategy. 

Suppose x,y > 2. If x and y are both even, the first player has to move 
into one of (x — 1,y),(z — 1,y — 1) or (x,y — 1), all of which have positive 
coordinates that are not both even, so, by induction, he loses. Else, one of 
(x —1,y),(z —1,y — 1) and (x,y — 1) has even, non-negative coordinates, so 
he can move into that one, winning by induction. 


Problem 8.5. (TOT 2003) In a game, Boris has 1000 cards numbered 
2,4,..., 2000, while Anna has 1001 cards numbered 1,3,...,2001. The game 
lasts 1000 rounds. In an odd-numbered round, Boris plays any card of his. 
Anna sees it and plays a card of hers- The player whose card has the larger 
number wins the round, and both cards are discarded. An even-numbered 
round is played in the same manner, except that Anna plays first. At the end 
of the game, Anna discards her unused card. What is the maximal number 
of rounds each player can guarantees to win, regardless of how the opponent 
plays? ; 


Solution. We will show by induction on n that if there are 4n +1 cards, then 
with optimal play Anna will win n + 1 rounds and Boris will win n — 1. 

We will use two observations repeatedly. First, the game does not depend 
on the exact values of the cards, only that the cards from highest to lowest 
alternate between Anna and Boris with Anna having the highest and lowest. 
Second, suppose the player going second in a round has the option of playing 
two cards both of which result in the same winner for that round. Then 
playing the smaller of those two cards is always at least as good for that 
player as playing the larger. This is clear since the result of that round will 
be the same and at later rounds he will have a better card in his hand. 

Now we first prove by induction on n that Anna can guarantee to win at 
least n+ 1 rounds. For the base case suppose n = 1, that is, there are 5 cards. 
Whatever card k Boris plays first, Anna responds with card k + 1 winning the 
first round. She then plays her highest card (which is the highest unplayed 
card) and wins the second round. 
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For the induction step, suppose Boris plays card k first. Then Anna plays 
card k+1 and wins the round. She then plays card 1. Since Boris will definitely 
win this round, by the second observation above he should play his lowest card 
(either card 2, if k #2, or card 4 is k = 2). After these plays we are left with 
4(n — 1) + 1 cards which alternate between Anna and Boris. Hence by the 
first observation above and the induction hypothesis, Anna can win n of the 
remaining rounds and n+ 1 rounds in total. 

Next, we prove that Boris can guarantee to win at least n— 1 rounds. Boris 
will play card 2 first. By the second observation above, Anna should either 
play card 1 (losing) or 3 (winning with the smallest possible card). Since either 
way she is left with the lowest unplayed card, we may assume she plays card 3 
and wins. Thus after this first round, we are left with 4n — 1 cards alternating 
between Anna and Boris, but now Anna goes first. 

We will prove by induction on n that in this slightly modified game, Boris 
can guarantee to win n — 1 rounds. The base case n = 1 is trivial since of 
course Boris can guarantee to win at least 0 rounds. 

For the induction step, first assume Anna plays a card k < 4n — 1, then 
Boris responds with card k + 1 winning this round and returns card 2. As 
above, we may assume Anna plays card 3 and wins. This reduces the game 
to one equivalent to the 4(n — 1) — 1 card game and hence by induction Boris 
can guarantee to win n — 2 of the remaining rounds, hence n — 1 total. 

Now assume Anna plays her top card 4n — 1. Then Boris plays card 2 
losing that round. He then plays card 4n — 2 in the next round. Since Anna 
will lose this round, we may assume she plays her lowest card 1. Thus again 
Boris has won one round and we are reduced to a game equivalent to the 
4(n — 1) — 1 card game. Hence by induction Boris can guarantee to win n — 2 
of the remaining rounds, hence n — 1 total. 

Since Anna can guarantee to win n+ 1 rounds and Boris can guarantee to 
win n — 1 rounds (and this adds to the total number 2n of rounds), this must 
be optimal play for both players. 


Problem 8.6. There are n > 1 balls in a box. Now two players A and B 
are going to play a game. At first, A can take out 1 < k < n ball(s). When 
one player takes out m ball(s), then the next player can take out 1 < £ < 2m 
ball(s). The person who takes out the last ball wins. Find all positive integers 
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n such that B has a winning strategy. 


Solution. Let Fo =0,F, = 1 and F, = Fy_-1 + Fn-2 for n > 2. The answer 
is that the second player wins if and only if n is of the form F} for k > 3. 

Let (n,m) denote the position where there are n balls left and the last move 
took m of them. Let n = Fi + Fi, +---+ Fi, be the Zeckendorf representation 
of n, with i1 > ig >--- > ip > 2 and no two i; are consecutive. We will prove 
by strong induction on n that (n,m) is losing for the first player if and only 

< Pic? 

The base case n = 1 is obvious. Suppose it is true for all values up to n, 
and consider (n,m). Write n = Fa + Fip +--+: + Fi, as above. If m > F;,/2, 
then we take Fj, balls away. Because ip- > i, + 1, we have Fj,_, > 2F%;,, 
so this leaves our opponent in a losing position by the inductive hypothesis. 
Therefore the original position is a winning one. 

It remains to show we cannot leave out opponent in a losing position if 
m < F;,/2. Suppose we move taking £ balls. Let 


n= r= Fa + Fa ++ E, + Ej t Fj tot Fjo 


The Zeckendorf representation guérantees we can write all numbers 
1,2,...Fj,-1 — 1 using only terms from Fo, F3,...Fj,-2. Son—2x+1,n— 
x+2,...,n-x2+F;,_; —1 all have a representation starting with the terms 
that n— z has. This is not true of n, so therefore n > n— zx + F;,-1 — 1, which 
is equivalent to z > Fj,-1. But this is greater than Fj, /2, so this is a winning 
position by the inductive hypothesis and the induction is complete. 

To finish the problem, note that the starting position is as though we have 
m= rž, It is straightforward to see that rz < Fi, /2 means that n = Fi, 
giving us the answer we claimed in the first paragraph. 


Problem 8.7. (Russia 2002) We are given one red and k > 1 blue cells, and 
a pack of 2n cards, numbered from 1 to 2n. Initially, the pack is situated on 
the red cell and arranged in an arbitrary order. In each move, we are allowed 
to take the top card from one of the cells and place it either onto the top of 
another cell on which the number on the top card is greater by 1, or onto an 
empty cell. Given k, what is the maximal n for which it is always possible to 
move all the cards onto a single blue cell? 
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Solution. We shall prove that the answer isn = k — 1. First, let us give a 
counterexample when n = k: 

Assume that initially on the red cell, the cards are in the order (from top 
to bottom) 1,3,...,2k —1,2k and then the rest of the cards are in arbitrary 
order. Following the rules of the game, none of the odd numbers from 1 to 
2k — 1 can be placed on top of each other. So it must be that after k moves, 
each of the k blue cells contain one of the odd numbers from 1 to 2k — 1. But 
then we are left with the card with number 2k which cannot be placed in any 
of the cells. 

Now we show that when n = k — 1, we can always achieve our goal. We 
will do this by induction on k. 

First, we call a position of the process good if the cards from 1 to k — 1 are 
located in once cell and the cards from k to 2k — 2 are in another cell. Once 
we have a good position, we move the-cards 1,2,...,4 — 2 successively in the 
k — 2 remaining empty cell, so that eath occupies one of these cells. Then in 
the cell with the cards from k to 2k — 2, we place k —1 on top, then k — 2, and 
so on, until we obtain we have all the gards i in one stack, which completes the 
game. 2 


eleg 


Therefore, it suffices to prove by induction that we can obtain a good 
position for any k and n = k — 1. The base case is k = 1, when we only have 
two cards, and we put them in separate cells, no matter what their order is. 
Then we place 1 on top of 2 and we are done. 

Assume now that the result holds for some k > 1 and we prove it for k+1. 
We prove that we can obtain a position where the cards 2k — 1 and 2k are 
in one cell, without disturbing the process which leads to a good position for 
n = k — 1 for the remaining k cells. To do this, we simply do the process from 
the induction hypothesis to get a good position for n = k — 1 and whenever 
we meet the cards 2k — 1 and 2k we put them separately in the extra cell 
available. The only situation when we cannot do this is when the card 2k — 1 
comes before the card 2k, and by the time we reached the card 2k, all the k 
blue cells are occupied. If this is the case, we proceed as follows: 

When we reach the card with number 2k, we look at the k cells (as we 
exclude the one containing 2k — 1) which are now full and consider the top 
card on each of them. There are 2k — 2 possible card numbers and k cells, so 
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by the Pigeonhole Principle, two of these card numbers must be consecutive. 
Say our consecutive card numbers are l and l+ 1. Since l could only have 
gone on top of l+ 1 or on an empty cell, it must be that l is the only number 
in its cell. So we place l on top of l+ 1, then we place 2k in the cell where l 
was, put 2k — 1 on top of it, and now we put / in the cell where 2k — 1 was. 
With this sequence of moves, we obtained a cell with 2k — 1 and 2k and the 
configuration for the rest of the cards is the same as when we reached the card 
2k, so we have not disturbed the process for the remaining 2k — 2 cards. 

This shows that we can achieve the position where the cards 2k — 1 and 2k 
are in one cell, cards from 1 to k—1 in another, and the cards from k to 2k — 2 
in a third separate cell. To finish the induction step, we must prove that this 
. configuration leads to a good position. We place the cards from k to 2k — 3 
successively in the remaining k — 2 empty cells. Now 2k — 2 is on its own in 
a cell, and we place it on top of the céll with the cards 2k and 2k — 1. Then 
we successively place the cards from 2h —3tok+1 in the same pile. Now we 
have a pile with cards from k + 1 to 2k, one with cards from 1 to k — 1, a cell 
containing k and the rest of the cells empty. We now successively place each 
of the cards from 1 to k — 2 in the k = 2 empty cells. Finally, we successively 
place the cards from k — 1 to 1 on the pile containing the card with number 
k. In this manner, we obtained a good position, completing our induction. 


Problem 8.8. (Mathematical Reflections) A and B play the following 
game on a 2n +1 x 2m+1 board: A has a pawn in the bottom left corner 
(square (1, 1)) and wants to get to the top right corner (square (2n+1,2m+1)). 
At each turn, A moves the pawn in an adjacent square (having a common edge) 
and B either does nothing or blocks a square for the rest of the game, but 
in such a way that A can still get to the top right corner. Prove that B can 
force A to do at least (2n +1)(2m + 1) — 1 moves before reaching the top right 
corner. 


Solution. We shall prove this by induction on m+n. Form =0orn=0 
the result is clear. 

Now assume m > 1 andn > 1. 

B can apply the following strategy: block (in order) the following squares: 


(2,2), (3,2),...,(2n, 2), (2n,3),..., (2n, 2m). 
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Note that it would require k + 1 moves for player A to get to the k-th of 
these squares. Therefore player B can block these squares without interfering 
with A. Also not that this gives the first 2n + 2m — 3 moves for B. Once B 
blocks these squares A can only win by passing through one of the two squares 
(2n+1,2m—1) or (2n—1,2m+1). It will take A at least 2n + 2m — 2 moves 
for A to reach one of these squares, so he cannot be there yet. 

We then have two cases depending on which of these two squares A reaches 
first: 


Case 1. A first gets to (2n + 1,2m — 1) after at least 2n + 2m — 2 moves. 
B can block the square (2n + 1,2m) and then A will have to take the way 
back up to (1,1) in at least 2n + 2m — 2 moves, then to (1,3) in at least 2 
moves. Then, the game has essentially reduced to the analogous game on a 
(2n — 1) x (2m — 1) board. By induction B can make A go from (1,3) to 
(2n — 1,2m + 1) in at least (2n — 1)(2m — 1) — 1 moves, and then in another 
2 moves to (2n + 1,2m + 1). Thus, the total number of moves is at least 
(2n+2m—2)+(2n+2m—2)+24 (2n—1)(2m—1)-1+2 = (2n+1)(2m+4+1)-1. 
Case 2. A first gets to (2n—1, 2m + 1)after at least 2n+2m—2 moves. B can 
block the square (2n,2m-+1). Now to get to the top right corner, A must first 
return to square (1,3). This is again the same game on a (2n — 1) x (2m — 1) 
board. By induction, B can make A do at least (2n — 1)(2m — 1) — 1 moves 
to get to (1,3). Then A will do at least 2 moves to get to (1,1) and then at 
least 2n + 2m to get to (2n + 1,2m + 1). Thus we have a total of at least 


an 


I 


(2n+2m—2)+(2n—1)(2m—1)—14+24+(2n4+2m) = (2n+1)(2m+1)—1 moves. 
This completes our induction and thus the proof of the result. 


Problem 8.9. (44th tournament of Ural, 4th tour). Consider the fol- 
lowing two-player game: there are given two piles of stones, one consisting of 
1914 stones and the other of 2014. In his turn, a player is allowed to remove 
either two stones from the bigger pile or one stone from the smaller pile; if 
at some stage the piles are equal, then he is allowed to remove from one of 
the piles either one or two stones. A player loses when cannot play his turn 
anymore. Given perfect play by both sides, who will win? 
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Solution. Let us prove that the second player wins. If the first player takes 
one stone, then the second player takes two stones. Otherwise, if the first 
player takes two stones, the second player takes one stone. In this manner, 
after each series of two turns, the larger pile decreases by 2 and the smaller 
pile decreases by 1. Thus after every pair of turns the total number of stones 
will always be 1 modulo 3. Also, after 99 pairs of turns, in one of the piles we 
will have 1816 stones and in the other one 1815 stones. 

Now let us prove by mathematical induction that from this point onward 
after every turn of the second player, the difference between the number of 
stones in the piles is less than or equal to 3. We use downwards induction on 
a+ b, where a and b represent the number of stones in the two piles. 

Note that the statement holds true for (1816, 1815), which is the base case. 

For the induction step, assume the result fora +b = 1 (mod 3), a+b < 
1816 + 1815 and we prove it for a + b— 3. Note that from the configuration 
(n,n) we obtain (n —1,n — 2). From (n,n + 1) we obtain either (n —1,n—1) 
or (n,n — 2). From (n,n +2) we obtain (n —1,n). Finally, from (n,n + 3) we 
obtain (n — 1,n + 1). By symmetry, this covers all the possible cases. 

At some point, the number of stones in the smaller pile will be equal to 
one of 0, 1 or 2. Moreover, we will éhd up with one of the following cases: 
(0,1), (1,3), (2,2) or (2,5). For the case (2,5), after one pair of turns we can 
obtain (1,3). In all of the remaining situations it is easy to see that the second 
player wins. 
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9 Miscellaneous Topics 


9.1 Geometry 


Problem 9.1.1. a) Prove that any n-gon can be cut into triangles by non- 
intersecting diagonals. 


b) Prove that the sum of the inner angles of any n-gon is equal to 
(n — 2)180°. Hence prove that the number of triangles into which an n-gon is 
cut by non-intersecting diagonals is equal to n — 2. 


Solution. We will first prove the following: 


Lemma. Any n-gon (n > 4) has at least one diagonal that completely lies 
inside it. 


ooks 


Proof. If the polygon is convex, there is nothing to prove. Otherwise, the 
exterior angle of the polygon at some vertex P is greater than 180°. The 
visible part of any side subtends an angle smaller than 180° from a vertex at 
point P, therefore, parts of at least two sides subtend an angle with vertex at 
P. Consequently, there exist rays exiting point P such that on these rays, the 
change of (parts of) sides visible from P occurs (see the figure below). Each 
of such rays determines a diagonal that lies entirely inside the polygon. 


392 Chapter 10. Solutions 


a) We prove the statement by induction on n. For n = 3, things are clear. 

Suppose now that we proved the statement for all k-gons, where k < n 
(some n > 4) and let us prove it for an n-gon. By the lemma that we just 
proved, any n-gon can be divided by a diagonal into two polygons and the 
number of vertices of every of the smaller polygons is strictly less than n. By 
the induction hypothesis, both smaller polygons can be divided into triangles 
and hence we are done. 

b) We proceed by induction on n. For n = 3, the result is immediate. 

Suppose we proved the statement for all k-gons, where k < n (some n > 4) 
and let us prove it for an n-gon. Again, by the lemma, any n-gon can be divided 
by a diagonal into two polygons. If the number of sides of one of the smaller 
polygons is equal to k+1, then the number of sides of the other one is equal to 
n—k+1 and both numbers are smaller than n. Therefore, the sum of the angles 
of these polygons are equal to (k—1)-180° and (n—k—1)-180°, respectively. It 
is also clear that the sum of the angles'of the n-gon is equal to the sum of the 
angles of these polygons, i.e. it is equal-to (k—1+n—k-—1)-180° = (n—2)-180°. 


Problem 9.1.2. For any positive integer n > 1, prove that there exist 2” 
points in the plane, no three collinear „such that no 2n of them form a convex 
polygon. É 

Solution. We use mathematical induction. For n = 2 we can take a tri- 
angle and a point inside the triangle. These 4 points do not form a convex 
quadrilateral. 

For the induction step, suppose we found such a set S, for some n > 2. 
Draw all segments among points in Sn and now choose a vector v with a 
sufficiently small magnitude such that the line joining any point of Sn with 
its translate by v does not intersect any of the segments drawn. Denote this 
translation by T. We will prove that the set Sn+1 consisting of points of Sn 
and their translates (S/,) is an example for n + 1. Indeed, suppose that we 
have found a (2n + 2)-sided convex polygon. We may replace each vertex 
that is in S}, by the corresponding vertex in Sn, preserving the convexity of 
the polygon. At most two points from S/, can occur among the vertices of 
the polygon together with their pre-images from Sn, since a convex polygon 
cannot have three parallel sides. Hence the new convex polygon has at least 
2n+2—2 = 2n vertices among Sn, which contradicts the induction hypothesis. 
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Problem 9.1.3. Let A; ... An be a convex polygon inscribed in a circle such 
that among its vertices, there are no two which form a diameter. Prove that 
if among the triangles A,A,A,, as p,q,r range over 1,...,n, there is at least 
one acute triangle, then there are at least n — 2 such acute triangles. 


Solution. We prove the result by induction on n. For n = 3, the statement 
is clear. Now let n > 4. Fix one acute triangle ApA,A, and remove from 
the n-gon A ... Án a vertex A, distinct from Ap, Ag and Ap. The induction 
hypothesis applies to the obtained (n — 1)-gon. Moreover, if for example the 
point A, lies on the arc ApAg and ZA,zA,A, < ZA,A,A,, then the triangle 
ApApAr is acute, since ZA,A,A, = ZApAgA,, ZApArAp < ZApA;pAg and 
ZA,ApAr < 90° (and thus ZA,ApA, < 90°). 


Problem 9.1.4. a) Prove that the projection of a point P of the circumscribed 
circle of a cyclic quadrilateral ABCD onto the Simson lines of this point with 
respect to triangles BCD, CDA, DAB and BAC lie on one line. (This line 
is called the Simson line of P with respect to the inscribed quadrilateral). 

b) Prove by induction that we can similarly define the Simson line of a point 
P with respect to an inscribed n-gon as the line that contains the projections 
of point P on the Simson lines of all En — 1)-gons obtained by deleting one of 
the vertices of the n-gon. 


Solution. Notice that part a) of the question will be the base case for the proof 
by induction that we will do for b). So we start by proving this statement. Let 
Bı, C1, D be the projections of point P to lines AB, AC and AD, respectively. 
Points B1, C1, Dı lie on the circle with diameter AP. Lines B,C), C1 Dı and 
D, B; are the Simson lines of point P with respect to triangles ABC, ACD and 
ADB, respectively. Therefore, the projections of the point P to the Simson 
lines of these triangles lie on one line, which is the Simson line of the triangle 
ABıCı Dı. Arguing symmetrically, we see that the projections of P onto any 
three of the four Simson lines are collinear. Hence all four are collinear. 


b) Let P be a point of the circumscribed circle of the n-gon A... An. 
Let Bo, B3,..., Bn be the projections of P to the lines A; A2,..., A1 Án, re- 
spectively. Notice that the points B2,..., Bn lie on the circle with diameter 
AP. 
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Let us prove by induction that the Simson line of P with respect to the 
n-gon A,...A, coincides with the Simson line of point P with respect to 
(n — 1)-gon B2... Bn. The base case n = 4 was proved in part a). 

By the induction hypothesis, the Simson line of the (n—1)-gon A; A3...An 
coincides with the Simson line of the (n — 2)-gon B3... Bn. Hence, the projec- 
tions of P to the Simson line of the (n — 1)-gons whose vertices are obtained 
by consecutively deleting the points A2, ... An, from the collection Aj,..., An 
lie on the Simson line of the (n—1)-gon By... Bn. The projection of the point 
P to the Simson line of the (n—1)-gon Ag... An lies on the same line, because 
our arguments show that any n — 1 of the considered n points of projections 
lie on one line. 


Problem 9.1.5. On the circle of radius 1 with center O there are given 2n+1 
points P,,...Pon+41 which lie on one side of a diameter. Prove that 


—> 
IOP, +. sO Fal > 1. 


Solution. We prove the statement by induction on n. For n = 0, the result 
is clear. 

Assume now that the statement ei for 2n + 1 vectors. In a system 
of 2n + 3 vectors, consider two vectors for which the angle between them is 
maximal. Without loss of generality, suppose that these vectors are OP; and 
OPən+3. By the induction hypothesis, the length of 


eg 


OR = OF, 134 OR, 


is not shorter than 1. The vector OR belongs to the interior of the angle 
ZP,OP2n+3 and therefore it forms an acute angle with the vector 


OŠ = OP, + OPon+3 
which bisects LP}OPən+3. Hence 
|OS + OR| > |OR| > 1. 


Problem 9.1.6. Let 1; and l2 be two parallel lines and A,B € l, A Æ B. 
Using only a ruler, divide the segment AB into n equal parts, where n > 2. 
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Solution. We prove the result by induction on n. Notice that in order to 
obtain the required configuration, it suffices to find a point P, on the segment 
AB such that AP, = 1 AB . Then applying the same algorithm to the segment 
P,,B we find the next division point PË, then the next point by working with 
the segment PB, etc. 

For n = 2, let S be a an arbitrary point which lies in the half plane 
determined by l2 and not containing lı. Let {C} = AS N l2, {D} = BSN la. 
Also, let AD N BC = {To} and STo O hL = {P2}. We claim that P> is the 
midpoint of AB: 

Let STo N lg = {Q2}. Then AT>P2B ~ AT5Q2C, AABT ~ ADCT, 
ASAP, ~ ASCQ2 and ASAB {~ ASCD, hence 


PB TB AB PA SA AB 


E E E A 
QC RO CD 8° QC SC” CD 
This gives that a 
PB = P,A 
Q2C = Q2C” 


so P2A = PB, as required. E 

Assume now that for some n >‘2 we have constructed a point P, on 
the segment AB such that AP, = 1 AB. Let S,C,D be as above and let 
{Tn} = SPa N AD, {Qn} = SPa Olo. Let Tr41 = AD N CPh. Also, let 
{Qnii} = §Thn41 Nt, {Pri} = STn41 N lı. We claim that APn+1 = at AB: 
We have BOO pi ad A AP Pia Tas; ACTp41D n> ANP Tata, so 


PatiPn = PaTn+1 = AP 
CQnt4i  CTni1 CD’ 


We also have ASAP,41 “~ ASCQni1 and ASAB {~ ASCD, which gives 


APası _ SA _ AB 
60.43, SC CD: 


Combining the two derived equalities, we get 


PntiPn = AP, 
AP, AB’ 
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Now, Pa+1 Pn = APn—-APnii and AP, = 1 AB, which gives AP, 41 = 
as required. 


1 
mi AB, 


Problem 9.1.7. Given 2n + 1 points in the plane such that no three of them 
are collinear, construct a (2n + 1)-gon (self-intersecting polygons are allowed) 
for which the given points serve as the midpoints of its sides. 


Solution. We prove the result by induction on n. 

When n = 1, we need to construct a triangle, knowing the midpoints of 
its sides. We accomplish this by drawing through each of the three points a 
parallel to the line joining the other two points. 

For the induction step, assume that we have established the result for 
2n — 1 points and we shall prove it for 2n + 1 points. Let the 2n + 1 points 
be M,,...,Mon4i. Let us call the (2n + 1)-gon that we want to construct 
Aj A2.. aoe 

Consider the quadrilateral A1 Az 1AenAon+i1- We must have that 
Mon—-1, Mon and Mon+41 are the midpoints of the sides Agn_1A2n, Aon Aon+1 
and Aon+iA1, respectively. Let ME Ebe the midpoint of A;Agn_1. Then 
Moən—-1MənMən+1 M is a parallelogram. Since Mon-1, Mən and Mon+1 are 
given, M is uniquely determined by this condition. 

Now Mı, M2,...,Mən-2,M are the midpoints of the (2n — 1)-gon 
A,A9...A2n—1, which can be constructed from the induction hypothesis. To 
finish the induction step, we construct the segments A; Aon+1 and Agn—1A2n 
(where A; and A2n—1 were already determined) such that Moni and Mon-1 
are their corresponding midpoints. By the way we constructed M, the remain- 
ing point Mən will be the midpoint of AgnAan+1, as required. 


book 


Problem 9.1.8. We are given a convex polygon in the plane. Show that we 
can pick a triangle formed by three of its vertices such that the sum of squares 
of its side lengths is at least the sum of squares of the side lengths of the 


polygon. 


Solution. We prove the result by induction on the number n > 3 of sides. If 
the polygon is a triangle, we have nothing to prove. 

If n > 3, the polygon has n angles with sum (n — 2)m > n3, so it con- 
tains an angle which is obtuse. Without loss of generality, let the polygon 
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be AjAg...An and let ZApn—1AnA1 be obtuse. Therefore, (An—1A1)? > 
(Ay An)? + (AnAn—1)”, so the polygon A; A2...An—1 has the sum of squares 
of its side lengths at least as big as the sum of squares of the side lengths 


of A,Ag...An. We are now done using the induction hypothesis for 
Aj Ag... An—1- 


Problem 9.1.9. (TOT 2001) Prove that there exist 2001 convex polyhedra 
such that any three of them do not have any common points, but any two of 
them touch each other (i.e. they have at least one common boundary point 
but no common inner points). 


Solution. We shall describe the more general situation of constructing n 
convex polyhedra satisfying the hypotheses of the problem (in our case n = 
2001). 

We begin by considering a system2of 3-dimensional coordinates, with the 
standard Ox, Oy and Oz axes. In this:system we consider an infinite straight 
circular cone K with the vertex at thé origin and the axis directed along Oz. 
Let C(t) be a circle with the center @(t) = (0,0,t) obtained by intersecting 
K with the plane z = t. Now consider a regular n-gon inscribed in C(1) 
and label its vertices by Aj,...An. Let B; be the middle points of the arcs 
AiAi+1, where i = 1,...,n and we consider the indices modulo n. Further, let 
At, Bi € C(t) be the points of the intersection of the lines OA;, OB; with the 
plane z = t, where t > 0 andi =1,2,...,n. 

To proceed further with our construction we need a little lemma: 


ks 


Lemma. For any tọ > 0 and any 2, 1 <i < n, there exists T > tọ such that 


— 
for all t > T, the parallel translation of C(to) by the vector BY Bt lies inside 
the segment the region S;(t) = AtB} At; bounded by an arc and a straight 
segment. 


Proof. This follows immediately from the fact that the distance from Bi to 
A‘ At, is proportional to t. 

We now proceed to construct the polyhedra satisfying the conditions of 
the problem by induction. We start with any tı > 0. We choose any convex 
polygon M; inside a circle C(t,) and form an infinite “up prism” P, with base 
My, and the lateral edges parallel to OB. 
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Assume now that n > 1 and that we have already defined the numbers 
0<t,; <... <tn, we constructed the convex polygons M1, ... Mn contained 
in circles C(t,),...,C(tn) and formed the infinite prisms P),...P, with bases 
Mı,..., Mn and lateral edges parallel to OB,,...,OBn, satisfying the condi- 
tions of the problem. 

Using the Lemma that we stated above, there exists tn+1 > tn such that 
Mn(tn+1) lies inside the region Sn(tn+1) and all the previous polygons remain 
within their areas. To define M,,41, we proceed as follows: 

Since it has to touch each of the previous prisms, in order to find the points 
of tangency, we make a parallel translation of every segment AAs until 
it touches the polygon M;(tn41), where 1 <i < n. If we connect the tangent 
points (we choose just one, if there are several for one tangency), we obtain a 
convex Mn41(tn41)- 

To make the forthcoming argumetits easier, we introduce the translated 
lines 1;(tn41), which separate the points M; and Mp41. 

Now we can form an infinite “up prism” Pa+ı with base Mn+1(tn+1) and 
lateral edges parallel to OB,. Now we cut the prism by the plane z = T > 


gran, 


tagr bb 

We have to show that the obtaingd prisms satisfy the hypotheses of the 
question. From the inductive hypothesis, it suffices to check that P,41 inter- 
sects P;, 1 < i < n only at the plane z = t,41. Assume by contradiction that 
this is not the case. This means that there exists a common point C € z =t 
plane for all these prisms, where t > tn41. Consider the straight lines parallel 
to OBn41 and OB; passing through C. Denote the points of intersection of 
these lines with the plane z = tn41 by Cy An and Ce, respectively. No- 


tice that ou E€ Mn+1(tn+1) and Gini E€ Mi (tn41). Moreover, the vectors 


Crom and Ber Bufi have opposite directions and are not 0. But this 
cannot happen, as Cy"** and Bi"** lie on one side of l;(tn41), while Cy"** and 
Bet lie on the other side. This gives our desired contradiction and finishes 


the induction and the proof. 


Problem 9.1.10. (IMO 1992) Let S be a finite set of points in three- 
dimensional space. Let Sz, Sy, Sz be the sets consisting of the orthogonal 
projections of the points of S onto the yz-plane, zz-plane and xy-plane, re- 
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spectively. Prove that 
IS}? < |S] - [Sy] |82]; 


where |A| denotes the number of elements in the finite set A. 
(Note: the orthogonal projection of a point onto a plane is the foot of the 
perpendicular from that point to the plane). 


Solution. We shall prove the statement by induction on |S|. Let |S;| = a, 
|S,| = b, |Sy| = c. For a set S consisting of just one point, the statement is 
true. 

Suppose that the statement is true for all sets with fewer than n points. 
Consider now a set S with |S| = n. Choose a plane parallel to one of the 
coordinate planes, which contains no points of S and divides S into two non- 
empty subsets Sı and S2. Then n = |S] + |S2|, where |S1| < n and |S2| < n. 
By the induction hypothesis, 


_books 


|Si| < a1b161,5 2182}? < agbece, 


where a;, bi, ci are the number of sete in the projections of S;, i = 1,2 onto 
the coordinate planes yz, zx and xy, Fespectively. Without loss of generality, 
we may assume that the dividing plané is parallel to the coordinate plane zy. 
Then 

a, +a2 =a, bi +b. =b,  <c, C2 <C, 


and by the Cauchy-Schwarz inequality 


IS}? = (S| + |821)? < (Vabicı + Vazb2c2)” 
<(v aybiVce+ Vazba ve) < c(ay + ag)(bi + b2) 


= abc. 


Problem 9.1.11. Prove that any convex n-gon which is not a parallelogram 
can be enclosed by a triangle whose sides lie along three sides of the given 
n-gon. 


Solution. We first prove the following weaker statement: 


Lemma. Any convex n-gon can be enclosed by a triangle or by a parallelogram 
whose sides lie along three (or four sides, respectively) of the given n-gon. 
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Proof. We shall prove the result by induction on n > 3. For n = 3, there 
is nothing to prove. When n = 4, either the quadrilateral is a parallelogram, 
or it has two non-parallel opposite sides. In the latter case, these two sides, 
together with the side farther from their intersection of the remaining two 
form a triangle whose interior contains the quadrilateral. 

Assume now that n > 5 and we have proved the result for all k-gons, with 
k <n. Let M be a convex n-gon and let AB be an arbitrary side of M. Since 
n > 5, there exists another side which is neither adjacent nor parallel to AB. 
Call this side CD. Now we extend both AB and CD until they intersect at 
a point O. Without loss of generality, assume that BC lies in the interior of 
triangle AOD (the other case being the same). Since n > 5, the polygonal line 
between B and C in M has length at least 2. So if we replace this polygonal 
line by the polygonal line BOC we obtain another polygon Mı having fewer 
than n sides and containing the polygon M inside it, al the sides of Mı being 
simultaneously the sides of M. = 

From the induction hypothesis, there exists a triangle or a parallelogram 
formed by the sides of Mı which contains Mı within its interior. Since Mı 
contains the M and the sides of Mı are simultaneously the sides of M, this 
shows that the assertion holds for Mas well. 

This completes the induction step and hence the proof of our lemma. 

Having proved the above lemma, we need to consider two situations. If 
the polygon which contains M inside itself is a triangle, there is nothing to 
prove. So let us assume that the polygon is a parallelogram ABCD and that 
M is not a parallelogram itself. 

Without loss of generality, let A be the vertex of the parallelogram which 
is not a vertex of M. Let P be the vertex of M nearest to A lying on the side 
AB of the parallelogram. From our construction, there is a side PQ of M 
which lies inside the parallelogram. M is convex, so M lies completely in the 
half plane bounded by PQ and containing the points B, C, D. So it must be 
that M lies completely inside the triangle determined by the lines PQ, BC 
and CD. This completes the proof of our statement. 


Problem 9.1.12. Given a circle and n points in the plane, construct an n-gon 
(self-intersecting polygons are allowed) which is inscribed in the given circle 
and such that the lines determined by its sides pass through the given points. 
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Solution. We start with the following, more general problem: 

Given a circle in the plane, one can construct an n-gon inscribed in the 
circle such that the k lines determined by k consecutive sides of it (1 < k < n) 
pass through k given points in the plane and the remaining n — k sides are 
parallel to some given lines. 

Notice that this result implies our question when k =n. 

We prove the above result by induction on k. We shall adjust the statement 
of the above problem as we go along, imposing some restrictions on given n—k 
lines so that our induction works (Notice that even with further restrictions 
on the n — k given lines, the statement of our problem will still hold, as we 
are interested in the case k = n). When k = 1, we need to construct an 
n-gon A; A2... An inscribed in a given circle, such that the line A;A, passes 
through a given point P and the n—1 remaining sides Aj A2, Aj A3,... An—1An 
are parallel to the given lines Jj, lz,.. - a 

Let Bı be an arbitrary point on the circle. Construct an inscribed 
polygon BıB2... Bn whose sides BiB», B2B3,..., Bn-1Bn are parallel to 
the lines l1,l2,...,ln-1. Basic geometry shows that that the polygon 
A,A2...An we need to construct should then satisfy the following: The arcs 
A,B, ApBp, weve An Bn: are all equal and moreover, the pairs of arcs A, By and 
A2Bo, A2B2 and A3B3,... have opposite directions (e.g. if AıBı is directed 
clockwise, then Ao Bo is directed anti-clockwise). 


This implies that when n is even, Bı and ZnB, should be oppositely di- 
rected and A, B1 BnAÁn is an isosceles trapezoid having bases A, An and B1 Bn. 
Hence A1 An should be parallel to B,B,. Moreover, it should pass through 
the point P, which determines A; and A, uniquely (For this construction to 
be possible, we would need that P lies inside the strip determined by the two 
tangents to the circle which are parallel to B,B, The same argument we used 
above to show that A; An is parallel to B1 Bn, shows that B,B, will be parallel 
to the same fixed direction, regardless of the choice of Bı. So to make our 
argument work, we need to choose a configuration for the lines 11,...,/,-1 so 
that P lies in the required strip). Once we have determined A; and Ap, the 
rest of the points Ag,...,An—1 are uniquely determined by the conditions we 
specified. 

When n is odd, A,B, and AnBn have the same direction, and the quadri- 
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lateral A; B,A,, By is an isosceles trapezoid with bases A; Bn and B,A,. Since 
the diagonals A; A, and B,B, are equal, we need to draw through the point 
P a straight line on which the given circle cuts off a chord A; A, equal to the 
known chord B,B,. This is a a straight line which is tangent to the circle 
which has the same center as the given circle and is tangent to B,B,. (Again, 
we impose the appropriate conditions on the lines l1,...,ln—-1 so that this 
construction is possible). 

Assume now that we have solved the problem for some 1 < k < n. We want 
to inscribe in a given circle an n-gon A,... Ap, whose k + 1 consecutive sides 
A; Ag, Ao A3,...,Ag+1An+2 pass through k + 1 given points P4, Po,..., Pk+1 
and the remaining n—k—1 sides are parallel to some n—k—1 given lines. Again, 
we shall assume that the n — k — 1 lines are such that all the constructions we 
are making are possible. 

Similarly as in the case k = 1, we seek for some conditions which would 
determine the points Aj,..., An uniquely. If Ay... Ay is the required polygon, 
consider the following: E 

We draw a line through A; which is parallel to P) P and we denote its 
intersection with the circle by A}. We also denote the intersection of the 
lines A A3 and P,P» by P}. Then ZAP; P> = ZAQA, A} = ZA A3P5 and 
ZAPP; = ZP5P2A3. So the triangles P;A2P2 and P}P)Az3 are similar and 
we have 


m 


P,P» = A2P2 3 PiP = A3 Pz : AaPo 
A3P, P}P, P,P. 

Now, the product A3P2-A2P2 depends only on P> and the circle (and 
not on A» and A3, by the power of the point property), so it can be explic- 
itly determined. So the length of PP) can be explicitly found and so P} 
can be constructed. Now the k consecutive sides A} A3, A3Aq,..., Anyi 4k42 
of the n-gon A;A5A3...An, pass through the k points P}, P3,..., Px41, while 
the remaining n — k sides are parallel to the known lines. From the induc- 
tion hypothesis, we can construct the polygon A;A,A3...A,, satisfying these 
properties and then the above conditions determine the point Ag uniquely, 
establishing the induction step. 
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9.2 Induction in Calculus 


Problem 9.2.1. Let f : R > (—3, 3), f(x) = arctan(z). Show that if n is a 
positive integer, we have that 


gah (0 if n = 2k; 
Pe Oy= en ifn = 2k +1, 


where f) denotes the n-th derivative of f. 
Solution. We have that 


f'@)=— 


1+ 2? 


and Pe) Gy a 


so the result holds for n = 1 and n =2, as f’(0) = 1 and f”(0) = 0. 

We prove the result of the question, by induction of step 2. The base cases 
n = 1 and n = 2 were checked above. To perform the induction step, we 
look for a recursion which relates f (n#1) (0) to the lower order derivatives. To 
derive such a recursion, notice from the above that we have 


f'(a)(1 $02) =1. 


We differentiate this equality n times and we use Leibniz’s formula to get 


(5) FD (a)(1 + z?) + @ f(x) - 2a + e fN(e) -2=0, 


which gives f(°+))(0) = —n(n — 1) f™-)(0). 
Assuming now that f‘”)(0) = 0 for some even n > 2, we have that 


f+) (0) = —(n a 1)nf™ (0) = 0. 


If we assume now that f(?*-1)(0) = (—1)*-1 . (2k — 2)!, for some k > 1, from 
the above recurrence we obtain 


FORD (0) = —(2k) (2k — 1) fO- (0) = (-1)* - (2k)! 


Therefore, the induction step is proved in both cases and we are done. 
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Problem 9.2.2. Let f : [—1,1] > (—§, 3), f(z) = arcsin(x). Prove that 


(1-3-5...: (2k-1)? ifn=2k4+1, 


where f(”) denotes the n-th derivative of f. 
Solution. We have that 


f(x) = 


1 n = T o T 1 
ie E Gea ee ian 


so the result is verified for n = 1 and n = 2, as f’(0) = 1 and f”(0) =0. 
Moreover, by differentiating the relation f”(x)(1 — x?) = f'(x) -x n times 
and using Leibniz’s formula we have z 


Gewa- (4 se o-a) + (ZP 


© 


Š OE fren) -z+ a f°): 


This shows that f("+?)(0) = n?f((0). Using this recursion relation and 
the base cases f’(0) = 1 and f”(0) = 0, we immediately obtain by induction 


that 
0 if n = 2k; 
(n)(g) = , 
PAR ae. ifn = 2k +1, 


as required. 


Problem 9.2.3. Let f : (0,00) + R be given by 


fie) = [ l ote- at. 


Prove that for any non-negative integer n we have 


f(nt1)=n!- aa 
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Solution. We prove the result by induction on n. For n = 0 we have 


fa) = fre dt =e =1--, 


so the identity holds for n = 0. 
Assume now that the relation holds for some n > 0. To perform the 
induction step, we need to find a suitable relation between f(x+1) and f(z): 


1 1 
f(z+1)= Jer dt = j Zn dt 


0 0 


1 
1 
= -eel +r: / et?! dt using integration by parts 


1 š 
To +a- f(z). - 
This gives f(n +1) =—4+4n- f(n). E 
Assume now that E 
El = n! 
ie gs 2 @ z a 


Then 


n! 
=—-4+(n+1)!-- n+1 
+(n+1) 2 Dol +a 
2 “(n+1)! 
= (ne ni~2(m+in+y EAH) 


which proves the induction step. 
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Problem 9.2.4. Prove that for any n € Z, n > 1, one has 


ime nic” — sin(x) sin(2z) ...sin(nz) 7 n(2n + 1) 
x0 gnt2 36 
Solution. We shall prove that the limit is well defined for each n > 1 while 
we are finding the suitable recurrence relation. 
Let Ln be the corresponding limit ton > 1. For n = 1, we have by repeated 
application of L’Hopital’s rule that 


ni. 


z—sin(z) 1 
La fi RS = 5 


Also, one has 


nx sin(z)...sin 


—™ 


x(n — 1)) — sin(x) sin(2z) ...sin(nz) 
gnt2 

_sin ((n — 1)z) lim 22T sin(nx) 

£ z>0 z3 


Ln — nLn-1 = lim 
z—0 


sin(x) sin(2z) 
rf z 


3 
3 
SE 
9 z 
PN 
z 
8 
Ner 


w 
Telega 


nsin(nz) 
m ee 
z= 6n 


Therefore we have Ln = nLn-1 +n! - A 
We now prove by induction the statement 
n(2n + 1) 


P(n): Ln= -a (n+ 1)! 


! 
For n = 1 we proved the result above, since ee t. 


Assume now that P(n — 1) is true. From the above recurrence we have 


(n-1)(Q2n—1)-n! n?-n! ni-n 


ace aaa 7a ane [(n — 1)(2n — 1) + ôn] 
_ nlen(n+1)(Qn+1) n(2n+1) 
Se gp ge O 


This establishes the induction step and completes our proof. 
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Problem 9.2.5. Prove that if m, n are non-negative integers with m > n, 


then A 
J cos” (x) cos(mx) dz = 0. 
0 


Using this, deduce the value of 
T 
Jy = f cos” (x) cos(nx) dx, for all non-negative integers n. 
0 
Solution. Let I, = fọ cos"(x) cos(mx) dx and let P(n) be the mathematical 
statement 
P(n): In=0 forany m>n>0. 


For n = 0 we have 


T g 
Io =f cos(mz) dx = sama a 0. 
0 2 m 0 
Assume now that P(n) holds for some n > > 0. Then 


Invi = h cos”! (x) cos(mx) dz 
Sa sf cos” (x) (cos ((m + 1)xz) + cos((m—1)x)) dx 

= sf cos”(x) cos((m+1)x) dz + ; ie cos” (x) cos ((m — 1)x) dx 

=0 using the induction hypothesis, as m >n+1>m-1>n. 


So P(n + 1) is true, and by the principle of induction, P(n) holds for all 
non-negative integers n, which is what we wanted. 
For the second part of the question, notice that 


T 
Jo= | dx = 7, 
0 


and 


Jı | cos?(x) dz = eae dz = z (x + sin(2z))|9 = Z. 
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We prove by induction on n that Jn = gn, for all n > 0. We have just verified 
the base cases and assuming the result for some n > 0, we have 


1 T 1 
Indi — gun = | cos” (x) (cos ((n + 1)x) cos(x) — 5 cos(na)) dz 
0 
1 T 
= 5S cos” (x) cos ((n + 2)x) dz. 
0 
From the first part of the question we know that 


T cos” (x) cos ((n + 2)x) dx = 0, 


so we have that Jn41 = iJn, which proves the induction step. 


Problem 9.2.6. Let a1,a2,.. . 29012 be non-zero real numbers. Prove that 
there exists a real number x, such that 


m 


@ 


sin(a;x) + sin(agr) Æ... + sin(a20012) < 0. 


grant 


Solution. We begin by proving the following general result: 


Lemma. Let fı(x),..., fn(x) be periodic functions defined on R, such that 
f(z) = fı(l£z)+...+ fn(x) has a limit when z —> +00. Then f(z) is a constant 
function. 


Proof. We prove the lemma by induction on n. The base case is n = 1. 
Assume that T; is a period for the function fı(x). If the function f(z) = filz) 
is not a constant function, then there are zı and x2, such that f(x1) # f (x2). 
Hence, it follows that f(x; + nTi) = f(zi) > f(zi), i = 1,2, for n € N, 
n — +00. Therefore, if x + +00, the function f(x) has no limit, which leads 
to a contradiction. 

Assume now that the statement holds for n = k > 1, k € N, and we show 
that it also holds for n =k +1. 

Let f(z) = fi(z) +... + frii(z) and let T; be a period for fi(x), i = 
1,...,4 +1. Consider the following function 


f( + Tesi) — f(a) = (f(a + Tra) — fa(@)) +... + (felt + Trai) — fr(@))- 
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Note that T; is a period for the function f;(z + 7,41) — Ji(£), i= 1,...,k. On 
the other hand, f(x + Tk41) — f(x) —> 0, when z > +00. From the induction 
hypothesis, f(x + 741) — f(x) will be a constant function. Obviously, if the 
limit of that constant function is equal to 0, then the function is equal to 
0. Therefore, we have obtained that the function f(z) is a periodic function. 
Thus, according to the statement for the case n = 1, we have that f(x) is a 
constant function. This completes the proof of the lemma. 
Back to the original question, we assume by contradiction that for any 
x > 0 we have 
sin(aiz) + sin(agx) + .. + sin(a2001£) > 0 


Note that this implies that the function 


1 1 
fle) =e cos(a1x) — z co 


cos(a20012) 


h_Y&oks 
Q 
X 
8 
x 
| 


2001 


is non-decreasing. Indeed, we have th 


ram: @mat 


f'(x) = sin(a,z) + sin(aga 


On the other hand, the function f (x) is bounded. As f(x) is bounded and 
non-decreasing, it has a limit when z — +00. So f(z) satisfies the hypotheses 


of the above lemma. Thus, f(x) is a constant function. 
We deduce that 


chee 


)+...+sin(a20012) > 0 


I 


f” (x) = a cos(a,x) + az cos(a2x) +... + a2001 Cos(a20012) = 0. 


Therefore, 
a, +a +... + a201 = f” (0) = 0. 


In a similar way, we obtain that 
24 aP+... + aho = (1) - f"t(0) =0 
ay +ag +... + 4991 3 


where n is any odd positive integer. Without loss of generality, one can assume 
that 
|ai| < ļa2| < ... < |a2001]. 
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Hence, we deduce that, when n — +00, (and n is odd) 


0= Ga ke (ate (eyed +0. 


Now, if x € (0,1), then x” + 0 when n > +00. So if all of a1,...,@2009 were 
strictly less than a2001, then we would have 


(=) (2Y +. + (PY 0, 

42001 42001 42001 

contradicting the previous relation. As n is odd, this shows that one of the 
numbers a1, @2,.-.-.,@2000 will be equal to —a2001. Deleting a2001 and the num- 
ber having the opposite sign, we obtain in the same manner that among the 
rest of the numbers there are also numbers with opposite signs. Continu- 
ing these steps, we deduce that one of the numbers is equal to 0 (since we 


started with 2001 numbers, and 2001s odd). This gives a contradiction and 
establishes the result that we wanted. 


elegsam:@m 


Problem 9.2.7. Let f : R — R be a function defined by 


T 


yJ- 


_ je if x #0; 
ra= if z = 0. 


Prove that f is infinitely differentiable at 0 and f™) (0) = 0, where f™ repre- 
sents the n-th derivative of f. 


Solution. First notice that f is infinitely differentiable on (—oo, 0) and (0, 00), 
respectively. For x Æ 0 we have 


2 4 6r? +4 1 
1 — n = 
f (=)= ye =, f(z) = zô e 2, 
We first prove by induction that for x Æ 0, 
P,(x)e7 = 


fO(2) = 


xer 7, 
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where P,,(x) is a polynomial with real coefficients of degree 2n — 2. The base 
cases for n = 1 and n = 2 were derived above. 
Assume now that the result holds for some n > 1. Then 
2 2 2 oe 
fr) (2) = Ph(x)a*"e w= Si: P,,(xz)2~3"-1e Ad P,,(x)a—*" . “aoe a 
zi 
_ Pasilaje = 
= gns ? 


where 
Prii(x) = P! (£) £? — 3n - Pa(x) +2? + 2P,(z). 


Since Pa (x) has degree 2n — 2 from the induction hypothesis, Pa+ı has degree 
2n, establishing the induction step. 
We now prove that for any positive integer m we have 


C 


Beit 
e a? 
lim —— = 0 
s>0 oe 
When m = 2k, by substituting y = rÊ we have 
ia k kyk-l 
lim = lim — = li using L’H6pital’s rule 
z30 g™ yoo eY yoo 
k(k — 1)y*-? 
= lim ( )y = 
yoo ey 
k! 
=i = 
For m = 2k — 1 we have 
-4 -4 
e z e z 
lim — = lim z- lim =0. 
z—>0 g™ z=>0 230 gk 


Now we can compute that f™ (0) = 0 by induction on n. For the base case 
we have 


h-0 h = h = 
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by the m = 1 case of the previous limit. For the induction step, we compute 
that 
FOR) - FO) _ FA) _ 5 Pr(h)e 
f+ (0) = lim = lim 


= lim ——— = 


=0 
h—0 h h>0 h hoo |= Asntl : 


where the limit is a linear combination of the limits computed above. 


Problem 9.2.8. Let n > 1 be a positive integer, 0 < aj < ... < an and 
let C1,...,Cn be non-zero real numbers. Prove that the number of roots of the 
equation 

c- ajt...+tn-a, =0 


is not larger than the number of negative elements of the sequence c1C2, c2c3, 
seey Cn—1Cn- 


oks 


Solution. We prove the statement b¥ induction on n. 
We begin by treating the base casé n = 2: 
If c1c2 < 0, then the equation c1 - af +c2-a5 = 0 has only one root, namely 


=| 


Q 

N 
Wi 

elegra 


Cl 
x = logaz ee : 
If c1c2 > 0, then the equation c1 - @f + c2- a} = 0 does not have any roots. 
We now show that if the statement holds for n = k, k € Z, k > 1, then it 
also holds for n = k + 1. We do this via a proof by contradiction: 
Assume that the number of roots of cy -af + . . . + Ck+1 ` a4, = 0 is larger 
than the number of negative elements of the sequence c1C2, C2C3, .--, CkCk+1- 
Consider the function 


T T 
a a 
rza ! tte (24) + Ck41- 
Qk+1 Qk+1 


Note that the number of zeroes of the function 


T T 
f'(£)= cln a (2) +... +ckln ak (2) 


Ak+1 Qk4+1 Ak+1 Gk+1 


is bigger than the number of negative elements of the sequence c1C2, C2C3, ..., 
Ck-1Ck (Here we used the fact that between any two zeroes of the function 
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there is at least one zero of the derivative, so if f has m zeroes, then f’ has 
at least m — 1 zeroes). On the other hand, from the induction hypothesis, 
the number of roots of f’(z) = 0 is not larger than the number of negative 
elements of the sequence 


ay a2 Qk—1 ak 
cı In —— ] - | co mn —— ],..., | ck-1 n —— ] - | c, Nn —— ], 
Ak+1 Qk+1 Qk+1 Ak+1 


which is equal to the number of negative elements of the sequence 


a : 
C1C2, C263, . - .,Ck—1Ck, as In —— < 0, i = 1,...,k. This leads to a contra- 
a 


k+1 
diction and completes the proof of our induction step, establishing the result 
of the question. 


Problem 9.2.9. Prove that for any |z| < 1 and any positive integer k one 


has Š 
3 i a + 1 a 
ae k } (1 a g)kt1” 
Solution. We will prove by inductio wo on k that for k > 0 
> (" + tari 1 
Roe k a (1 =a g)k+l d 


which implies the desired identity by a simple rearrangement. 
The base case k = 0 is just the infinite geometric series 


Cy 
r=0 1— 


where we have substituted r = n + 1. 
For the inductive step, we differentiate the formula for k to get 


= MALY n41-k-1 k+1 
ae k Je rye 


Since the n = k — 1 term in the sum vanishes we may drop it. Hence we get 


4&4 \k+1 n k (1 — x)e+2" 


This completes the ane oe and the proof. 
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9.3 Induction in Algebra 


Problem 9.3.1. (Iran 1985) Let a be an angle such that cos(a) = B where 
p and q are two integers. Prove that the number q” cos(na) is an integer, for 
any n € N*. 


Solution. From the addition formula for the cosine we have 
cos((n + 1)a) = cos(a) cos(na) F sin(a) sin(na). 
Hence adding these two formulas 
cos((n + 1)a) = 2.cos(a@) cos(na) — cos((n — 1)a). 


From this formula, the problem follows by an easy induction. For the base 
cases n = 1 and n = 2 we have qcos(a) = p € Z and 


q’ cos(2a) = q?(2 cos?fa) —1)=2p?-q’ €Z. 
_ 


For the inductive step, we have 


matt 


@ 


qt! cos((n + 1)a) = 2 - qcos(a) - q”cos(na) — q’ -q™1 cos((n — 1)a) € Z. 


Problem 9.3.2. Prove that there is a monic polynomial P € Z[X] of degree 


1 
n, such that P(2cosz) = 2cosnz and P (« F =) =a"+ or 
Solution. We use the identity 
2cosnz -2cosz = 2cos (n + 1)x + 2cos (n — 1)z 


derived from cos(x + y) + cos(x — y) = 2cosxcosy and also the identity 


1 1 1 1 
n N +1 —1 
(z +5) (c+) =(2" +o) +(2" +=) 
Note that the identities are analogous, since setting x = e* gives att = 2cost. 
Therefore, we can define 


po(z) =1,pi(z) = 2 and pn4ı(£) = epn(x) — pn-1(2). 


An immediate induction on n shows that the relations p,(2cosxz) = 2cosnz 
and pn(£ + 7) = x” + a hold. Another induction on n shows that pn are 
monic polynomials of degree n. 
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Problem 9.3.3. Prove that there is no polynomial P € R[X] of degree n > 1 
such that P(x) € Q for all z € R\Q. 


Solution. We will prove the statement of problem using induction on the 
degree n > 1. 

The base case is n = 1. Suppose that P (x) = ax + b, where a,b € R and 
a #0, such that P (x) € Q, for all z € R\Q For z € R\ Q we also have that 


rL? € R \ Q, and so P(z), P(x +1),P (2) € Q. Then 


a=P(e+1)—P(e)€Q and b=2P (Z) -P() EQ 


P(x)—b 
a € Q and that contradicts that x € R \ Q. 


Let n > 2. Suppose that the statement of problem holds for polynomials of 
degree m € {1,2,...,n — 1} and we prove that there is no polynomial P € R [X] 
of degree n such that P (x) € Q for all x E R\Q. Assume the contrary, so 
P (x) = aoz” + ax”! +- + an-z + Bn, where ao # 0, and P (x) € Q for all 
xzeR\Q. 

Since xr+1 € R\Q, then P (x + 1)% é Q. Setting P; (x) := P (x + 1)—P (x) 
we have deg P; (x) = n— 1 < n and P; (x) € Q, for any z € R \ Q. Thus we 
get a contradiction to the induction hypothesis. This completes our proof. 


Hence, z = 


Problem 9.3.4. Let F(X) and G(X) be two polynomials with real coefficients 
such that the points 


(F(1),G(1)) , (F(2), G(2)) ,..., (F(2011), G(2011)) 


are vertices of a regular 2011-gon. 
Prove that deg(F’) > 2010 or deg(G) > 2010. 


Solution. Without loss of generality, we can assume that the center of the 
2011-gon is located at the origin, (0,0). Therefore, we have 


F(k) = cos (a + ZT): G(k) = sin (a + Zer) (1) 
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for all 1 < k < 2011 and some fixed a € R. We now prove by induction on 
n > 1 that if F(X) and G(X) satisfy (1) for k =1,2,...,n, then at least one 
of them has degree at least n—1 (so taking n = 2011 will prove our statement). 
The base case n = 1 is clear. 

Assume now that the result holds for all integers less than some n > 2 
(with n < 2011) and F(X) and G(X) satisfy (1) for all k = 1,2,...,n. Define 


F(X +1) — F(X) 


F*(X) = 
C9 —2sin zT 
oy G(X +1) - G(X) 
* F = 
G(X) = a Se 
Sın 211 
Now for all k = 1,2,...,n — 1 we have 


-~ 


@math_book 


Fr) =sin (a+ EE) ha 


ina ( 
C'e) = 008 (a4 2011 


1 


Notice now that deg(F*) < deg(F}.— 1 and deg(G*) < deg(G) — 1 and F*, 
G* satisfy the hypotheses of our question. By the induction hypothesis, one 
of them has degree at least n — 2, which shows that at least one of F or G has 
degree at least n — 1. 


Problem 9.3.5. Is cos1° rational? 


Solution. To answer this question, we combine two strategies: proof by 
contradiction and induction. Namely, we will prove that if cos(1°) is rational, 
then so is cos(n°) for n € N. As cos(30°) = ya is irrational, this gives a 
contradiction. 
The base cases are n = 1, which is true from our assumption and n = 2, for 
which we have 


cos 2° = 2 cos? 1° — 1 € Q. 


Assume now that we have proved the result for some n > 2. We use the 
following identity: 


cos((k + 1)°) + cos((k — 1)°) = 2 cos(k°) cos(1°). 
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This shows that if cos(1°), cos((n—1)°), cos(k°) are rational, then cos((k+1)°) 
is also rational. 
By induction, cos(30°) would be rational, which we know is false. 


Problem 9.3.6. (Poland 2000) Let P be a polynomial of odd degree satis- 
fying the identity 
P(x? — 1) = P(x)? — 1. 


Prove that P(x) = x for all real z. 


Solution. Setting x = y and z = —y in the given equation, we find that 
P(y)? = P(—y)? for all y. Thus, one of the polynomials P(x) — P(—a) or 
P(x) + P(—2) vanishes for infinitely many x, and hence for all z. Because P 
has odd degree, the latter must be the case, which shows that P is an odd 
polynomial. In particular, P(0) = 0, which in turn implies that 


P(-1) = P(0? — 1) = P(0)? — 


Set ao = 1 and let an = Van_1 +1 for all n > 1. Note that a, > 1 when 
n > 1. We prove by induction on n that P(an) = an for all n > 0. The base 
case n = 0 was done above. 

Assuming the result for some n > 0, we have 


=-1, andhence P(1)=1. 


scat ode 


P(@n4i)? = P(a2,, —1)+1= Plan) +1=an +1, 
which implies that P(an+1) = +@n41. If P(@n41) = —an+1, then 
P(an42)? = P(ansi +1) =1-an41 < 0, 
giving a contradiction. Therefore, P(an41) = @n41 and the induction is com- 
plete. 


To finish the question, notice that for 1 < xz < 14/5 | we haveg < /r+1< 


L5, Hence an easy induction shows that ag = 1 < aj < ag < ---. This 
proves that all the a,’s are distinct, so P(x) = x for infinitely many values of 
x, hence P(x) = < for all z. 


Problem 9.3.7. (Bulgaria) Prove that there exists a quadratic polynomial 
f(X) such that f(f(X)) has 4 non-positive real roots and f”(X) has 2” real 
roots, where f” denotes the composite of f with itself n times. 
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Solution. Replacing f(X) with — f(X) if necessary, we can assume that f(X) 
has positive leading coefficient (notice that this does not affect the location 
of the roots). For f(f(X)) to have 4 real roots, it is clear that f(X) must 
itself have two real roots, say 21 < z2. If x2 > 0, then one can show there 
exists a positive real s such that f(s) = z2 (as the sign of f between zı and 
x2 is negative). But then we would get f(f(s)) = f(z2) = 0, so f(f(X)) 
would have a positive real root, which is a contradiction. Hence we must have 
ry <2 <0. 

Now notice that the roots of f(f(X)) are the solutions of the equations 
f(x) = x, and f(x) = z2. Both equations must have 2 real roots. Let m 
be the minimal value which f attains on R (which exists, as f has positive 
leading term). Then we must have m < zı < z2 < 0. Notice that this 
implies that the roots of f(f(X)) lie in the interval (zi, £2). Examples of an 
f satisfying the criteria we mentioned so far are easy to construct, e.g. take 

F(X) = (X+1)(X +9). E 

We now prove that a quadratic pélynomial constructed as above satisfies 
all the conditions of the problem, namély we show that f”(X) has all its roots 
in the interval (x1, £2). We do this by induction on n. The case n = 2 was 
treated above. For the induction step? assume that the result holds for some 
n > 1 and let y1,..., yon be the roots of f"(X). Now notice that the roots of 
f"*1(X) are the solutions to f(x) = yg, where 1 < k < 2”. Since m < zı, all 
equations of the form f(x) = yx will have two real roots which lie in (xj, 22). 
Thus f"+!(X) has 2+! real roots in (21,22). This completes our proof. 


Problem 9.3.8. Prove that if a rational function which is not a polynomial 
takes rational values at all positive integers, then it is the quotient of two 
coprime polynomials, both having integer coefficients. 
Solution. Let the rational function be R(X) P(X) , where P and Q are 
relatively prime polynomials. We will prove a ay stronger statement, 
assuming only that R outputs rational values for all sufficiently large positive 
integers. Let r = deg(P) + deg(Q). We prove the result by induction on r. 
The base case r = 0 is immediate. 

For the induction step, consider if necessary RX) instead of R(X), so that 
we ensure that deg(P) > deg(Q). Also, let a be a positive integer for which 
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Q(a) #0. Then a3 is rational and the rational function 
1 P 2) P(X) 
R(X) - = 
ena (2-5) = Ben 
outputs rational values for all positive integers x > a. Notice also that 


P(X)Q(a) - Q(X) P(a) 
Q(a)(X — a) 


is a polynomial whose degree is less than that of P(X). So 


deg(P,) + deg(Q) < deg(P) + deg(Q), 


P(X) = 


and by induction, we are done. 


ith Books 


Problem 9.3.9. (IMO 2007 shor 
space, consider the set = 


ist) Let n > 1 be an integer. In the 


m 


a 


S = { (x,y,z) | z,y,z € {0,1,... n}, £ +y +z > 0}. 


Find the smallest number of planes that jointly contain all (n + 1)? — 1 points 
of S but none of them passes through the origin. 


Solution. The answer to the question is 3n planes. To find 3n planes sat- 

isfying the requirements, one can take the planes = i, y= 1 0r z =i 

(i = 1,2,...,n) which cover the set S but none of them contains the origin. 

Another such collection consists of all planes x+y+2=k fork =1,2,...,3n. 
We show that 3n is the smallest possible number. 


Lemma. Consider a non-zero polynomial P(z1,...,£k) in k variables. 
Suppose that P vanishes at all points (x1,...,2,%) such that z1,...,£k € 
{0,1,...,n} and 21+...+2,% > 0, while P(0,0,...,0) #0. Then deg P > kn. 


Proof. We use induction on k. The base case k = 0 is clear, since P ¥ 0. 
Denote for clarity y = £k. 
Let R(z1,...,£k-1, y) be the residue of P modulo 


Qly) =y(y—-1)..-(y—n). 
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Polynomial Q(y) vanishes at each y = 0,1,...,n, hence 
P(x1, tee ,Zk—-1:Y) = R(x, tee CRAY) 


for all x1,...,2%-1,y € {0,1,...,n}. Therefore, R also satisfies the condition 
of the Lemma. Moreover, as a polynomial in y, R has degree at most n. 
Clearly, deg R < deg P, so it suffices to prove that deg R > nk. 

Now, expand the polynomial y in the powers of y: 


R(z1,...,£k—-1Y) = Aa ete + Rn-1(21,... „Zy—1)y”7! cae 
+ Rolz, s ,Zk—1). 


We show that the polynomial Rp(z1,...,£ķ—1) satisfies the condition of 
the inductive hypothesis: 

Consider the polynomial T(y) = R(0,...,0,y) of degree at most n. This 
polynomial has n roots: y = 1,...,7. On the other hand T(y) # 0 since 


T(0) #0. Hence deg T = n, and its leading coefficient is Ry (0,...,0) # 0. In 
particular, in the case k = 1 we obtain: that the coefficient of Rn is non-zero. 


Similarly, take any numbers a1,..4,@4-1 € {0,1,...,n} with aj +... + 
ak—-ı > 0. Substituting x; = a; into R(#1,...,x2~-1,y), we get a polynomial in 
y which vanishes at all points y = 0,...,n and has degree at most n. Therefore, 
this polynomial is null, hence R;(a1,...,a@%-1) = 0 for all i = 0,1,...,n. In 
particular, R,(a1,...,@,-1) = 0. 

Thus, the polynomial R,(21,..., 2-1) satisfies the condition of the induc- 


tion hypothesis. So we have that deg Rn > (k — 1)n and deg P > deg R > 
deg Rn +n > kn. This establishes the lemma. 

Now we can finish the solution of the problem. Suppose that there are 
N planes covering all the points of S but not covering the origin. Let their 
equations be a;x + biy + ciz + di = 0. Consider the polynomial 


N 
P(z,y,2) = [[ (aca + biy + ciz + di). 


i=1 


This polynomial has total degree N and has the property that 
P(x, yo, 20) = 0 for any (Zo, yo, 20) E€ S, while P(0,0,0) Æ 0. Hence by 
the above lemma we get that N = deg P > 3n, as desired. 
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Problem 9.3.10. Prove that for every positive integer n there exists a poly- 
nomial p(x) with integer coefficients such that p(1), p(2),..., p(n) are distinct 
powers of 2. 


Solution. We prove the result by induction on n. For n = 1 we can take for 
example p(x) = z. 

Now assume we have found a polynomial p such that p(1), p(2), ..., p(n) 
are distinct powers of 2. We now look for a polynomial Q(x) of the form 


Q(x) = Lp (x) + A(x — 1)(x — 2)... (x =n), 


where a is such that 2° does not divide (n + 1)!. Notice that Q(1) = p(1), 
Q(2) = p(2), toy Q(n) a p(n). 

So to have Q satisfy the induction step, we want Q(n + 1) to be a power 
of 2 distinct from p(1), p(2), ..., p(#). Let B = p(n+1). We must have 
that 2°BJ + An! is a power of 2 different from p(1), p(2), ..., p(n). Let 2° 
be the largest power dividing B and 2" be the largest power dividing n!, so 
that n! = ŽK with K odd. Now (K,B) = 1 because if a prime number q 
divides both K and B, then q < n and q | (p(n +1) — p(n + 1 — q)), hence 
q | p(n+1-—q), which is impossible since p(n + 1 -— q) is a power of 2. So there 
exists j such that BJ =1 (mod K). | 

We know that there exist infinitely many numbers m such that 2” = 1 
(mod K). Thus 2”*¢ — 20 BÍ is divisible by K and also by 2% hence by n!. So 
we may take ; . 

gmta — 99 Bj 
A= =a 


Then the polynomial 
Q(x) = Lp (x) + A(x — 1)(2 — 2)... (2 — n) 
satisfies 
Q(1) = 2%p(1)’, Q(2) = 2%p(2)’,..., Q(n) = 2%p(n)?, Q(n + 1) = 249. 


Since there are infinitely many m to satisfy our condition, we can take m such 
that 2+ is different from all 2%p(1)7,2%p(2)’,...,2%p(n)%. This Q(z) is the 
required polynomial for our induction step. 
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Problem 9.3.11. (Moscow 2013) Let f : R — R be a function such that 
f(x) € Z for all x € Z. For every prime p, there exists a polynomial Q(X) 
of degree less than 2013, with integer coefficients such that f(n) — Q,(n) is 
divisible by p for all positive integers n. Prove that there exists a polynomial 
g(x) € R[X] such that for all positive integers we have f(n) = g(n). 


Solution. We replace the 2013 by k and we prove by induction on k that if 
deg(Q,(X)) < k, then the polynomial g exists. For k = 0, Q(X) must be a 
constant c and so f(n) — Q,(n) = f(n) — c. so p | f(n) — c, which shows that 
for all m,n € N*, f(m) — f(n) is divisible by p. This is true for all primes 
p, so by fixing m,n and taking p large enough, we conclude that f must be 
constant integer. This establishes the base case. 

Before we perform the induction step, we need to establish some prelimi- 
nary results. Firstly, notice that if h(X) is a polynomial of degree d > 1, then 
Ah = h(X + 1) — h(X) is a polynomial of degree d— 1. We now prove the 
following: s 


Lemma. If for all positive integer “n, we have Ah(n) = P(n), for some 
polynomial P of degree less than or equal to d—1, then for all positive integers 
x we have h(x) = h(x), for some polynomial hı of degree less than or equal 
to d. 


ne matt 


Proof. We prove the lemma by induction on d. For d = 1, we know that 
h(x) = h(0) + cz, for all positive integers x. Now assume that 


Ah(z) =+... 


and define 


ho(x) = h(x) x(x — 1)... (x— d). 


a 
dtl 
Then 

Aho = AA(z) — az(x — 1)... (x — d + 2). 


Then deg(Aho) < d—1, so by the induction hypothesis, for all positive integers 
x we have ho(x) = R(x), for some polynomial R of degree less than or equal to 
d. Now from ho(z) = h(x)—4fq72(r—-1)...(x—d), we have that deg(h) < d+1, 
whence for all positive integers z, h(x) = Ri(x), for some polynomial R, of 
degree at most d+ 1. This completes the proof of the lemma. 
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Going back to our original problem, for the induction step k — 1 > k, 
notice that Af satisfies the hypotheses of our question (as Af(x) — AQ,(z) is 
divisible by p whenever z is a positive integer). Moreover, AQ,(x) has degree 
at most k — 1, so by the induction hypothesis, A f(x) takes polynomial values 
at all positive integers. Applying the above lemma, we obtain the conclusion. 
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Notations and Abbreviations 


Notations 


We assume familiarity with the standard mathematical terminology. Most 
of the notations used throughout the book were introduced in the Theory 
section of the relevant chapters. We list below some of the essential notations. 


e N, Z, Q, R, C, stand for the set of non-negative integers, integers, ratio- 
nals, reals and complex numbers, respectively. For A € {N, Z, Q,R, C}, 
A* denotes the set A \ {0}. Similarly, Aco or A_ denote the negative 
elements of A, Aso or A+ stard for the positive elements of A, Aso 
represents the set of non-negative elements of A, and Ago is the set of 
non-positive elements of A. 


e For S a finite set, |S| denotes the number of elements in S. If S is infinite, 
|S| may also stand for the cardinality of S (as defined in Chapter 1). 


e For a real number z, both || and [z] denote the largest integer which is 
less than or equal to x, while [x] represents the smallest integer greater 
than or equal to x. {x} is the fractional part of x, defined as {x} = 
z- |x|. 


e e denotes the Euler’s constant e = lim (n + i)" zx 2.71828. 
noo 


e For F = Z,Q,R,C or Z/nZ, we denote by F[X] the set of polynomials 
in the variable X with coefficients in F, and F(X) the set of rational 
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functions in X with coefficients in F. A rational function is the ratio of 
two polynomials. 


e For A, B points in the plane or space, AB denotes the line through A 
and B, the segment through A and B, or the distance between A and 
B, depending on the context. 


e For S a plane figure, [S] denotes the area of S. If S is a solid, [S] denotes 
the volume of S. 


Abbreviations 


We indicated the sources of the problems where possible. The meaning of 
the abbreviations is explained below. 

e AMM - American Mathematica Monthly 

e AoPS - Art of Problem Solving = 

e APMO - Asia Pacific Mathematics Olympiad 

e BMO - Balkan Mathematical Olympiad . 

e ELMO - An annual Mathematical Olympiad which takes place at MOP 

e GMA - Graduate Mathematics Association 

e GMB - Gazeta Matematica, Seria B 

e IMC - International Mathematics Competition 

e IMO - International Mathematical Olympiad 

e INMO - Indian National Mathematical Olympiad 

e JBMO - Junior Balkan Mathematical Olympiad 

e OMM - Mexican Mathematical Olympiad 

e MO - Mathematical Olympiad 

e MOSP - Mathematical Olympiad Summer Program 

e MR - Mathematical Reflections 

e RMM - Romanian Master of Mathematics 

e TOT - Tournament of Towns 

e TST - Team Selection Test 

e USAMO - United States of America Mathematical Olympiad 

e USSR - Union of Soviet Socialist Republics 
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